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ABSTRACT
THE ROLE OF REPLICATION PROTEIN A LARGE SUBUNIT
FAMILY IN PATHOGEN-INDUCED DNA DAMAGE IN
ARABIDOPSIS THALIANA
By
Nancy Fernandes
University of New Hampshire

The DNA of every organism is under continuous attack from both environmental agents,
errors in DNA replication, and reactive oxygen species produced from cellular metabolism. The
preservation of genome stability and integrity is essential to counteract threats to genome
integrity. Eukaryotic organisms have evolved a complex set of mechanisms to sense DNA
damage and initiate repair of the damage or death of the cell, collectively called the DNA
damage response (DDR).
One of the main causes of detrimental DNA damage is due to microbial pathogens, both
in mammals and in plants. In humans Escherichia coli, Helicobacter pylori and Pseudomonas
aeruginosa are Gram-negative bacteria that cause disease and are a leading risk factor in cancer.
Little is known about the mechanism pathogens use to cause DNA damage and the consequent
activation of repair pathways to combat the pathogen.
Arabidopsis thaliana is a good model system for the study of DNA repair pathways,
since, unlike most animal systems, loss-of-function mutations in the DNA damage response
pathway are non-lethal. The genome of Arabidopsis encodes many orthologs of mammalian
repair proteins making it a good model organism for gene-gene interactions. A comparative
analysis of genes implicated in DDR in both plants and animals, using gene ontology and
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bioinformatic tools, revealed that fundamental mechanisms underlying the maintenance of
genome integrity, as well as the associated genes, are conserved between animals and plants.
This research suggests that plants can be used as a first step screening tool of DNA repair
targeted therapies and their role in cancer treatment (Nikitaki et al., 2017).
RPA is a heterotrimeric single-stranded binding protein complex that is required for
eukaryotic cell replication, repair and recombination. RPA homologs have been identified in all
eukaryotic organism and are ubiquitous in cells. Plants encode multiple paralogs of RPA1 with
each performing different functions in DNA metabolism. Arabidopsis encodes five RPA1
subunits (RPA1A-RPAE). RPA1C and RPA1E function in DNA repair as determined by
phylogenetic and genetic analysis.
This dissertation is an investigation into the role of plant Replication Protein A 1 (RPA1)
genes in the DNA damage response of Arabidopsis in response to infection and pathogenesis of
the microbial pathogen Pseudomonas syringae. The Arabidopsis-Pseudomonas syringae
interaction is a well-studied pathosystem that has triggered research on the mechanisms
underlying plant recognition of pathogens, defense responses and pathogen virulence.

xvii

CHAPTER I

INTRODUCTION

DNA damage and repair background

Genomic integrity of every organism is continually challenged by DNA damage, which is
classified into two types according to their origin, endogenous and exogenous. Exogenous DNA
damage results from environmental, physical and chemical agents such as UV radiation, ionizing
radiation, alkylating agents, chemical mutagenic exposure and lesions caused by pathogen
infection. Endogenous or spontaneous DNA damage can be a result of errors in DNA
replication, interconversion between DNA bases caused by deanimation, loss of DNA bases
following depurination, modification of DNA bases by alkylation and the production of reactive
oxygen species from cellular metabolism (Ciccia, 2010).
To preserve genomic integrity, DNA must be protected from damage induced by
environmental agents or generated spontaneously during DNA replication and cellular
metabolism. Repair mechanisms specific for many types of lesions have evolved in all
eukaryotes. Mispared bases are replaced with correct bases by mismatch repair (MMR), and
chemical alterations of DNA bases are repaired by base excision repair (BER). More complex
lesions such as pyridamine dimers and intrastrand crosslinks are repaired by nucleotide excision
repair (NER). Single-strand breaks (SSBs) are repaired by single-strand break repair (SSBR) and
double-strand breaks are processed either by nonhomologous end joining (NHEJ) or homologous
recombination repair (HRR) (Nisa et al., 2019).
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Eukaryotic organisms have evolved a complex set of mechanisms to sense DNA damage
and deleterious lesions, collectively called the DNA damage response (DDR) (Ciccia & Elledge,
2010). These mechanisms include post translational modifications (PTMs), cell-cycle checkpoint
activation and initiation of DNA repair pathways (Polo and Jackson, 2011). The DDR is
activated by damage detection, starting a cascade of signal transduction pathways, activating
effectors resulting in a cellular response that triggers DNA repair pathways and cell-cycle
checkpoints to stop cell division and proliferation, initiating a signaling cascade to repair
damage. When the damage is too severe, repair mechanisms are not activated and pathways
leading to apoptosis, autophagy and senescence are activated, and cells are eliminated or
transformed to a non-dividing phenotype, protecting the organism from transmission of
mutations to daughter cells (Puchta, 2005). These repair processes are integral to maintaining
genome integrity and cells must activate the correct repair factors at the precise genomic site at
the right time. When DNA damage repair pathways are disrupted, mutagenesis and genomic
instability increases. Repair deficiencies causing hereditary mutations of multiple genes that
regulate the repair factors are a major contributor to cancer (Wolters and Schumacher, 2013).
DNA damage causes errors of DNA synthesis during replication or repair and can lead to
physical damage such as SSBs and DSBs. DSBs are the most toxic form of damage to the
organism causing cell-cycle arrest and apoptosis. DSBs must be repaired to preserve genome
integrity (Song & Bent, 2014). Both the DNA damage response mechanism and factors that
regulate the cell-cycle coordinate DNA repair in the context of the cell-cycle phase and type of
damage. The factors involved in DDR form three groups: sensors, transducers and effectors. The
sensors and transducers sense and identify the type of damage consequently activating the
effectors to initiate repair (Hu et al., 2016).
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DNA activation of the repair pathway starts when sensors and transducers recognize the
type of damage and initiate a response by activating downstream effectors. The primary signal
transducers are phosphatidylinositol-3 kinase-like (PI3K) protein kinases ataxia-telangiectasia
mutated (ATM) and ataxia-telangiectasia and Rad3-related (ATR), that initiate a
phosphorylation-mediated signal transduction cascade that links the upstream DNA damage
sensing proteins with the downstream effectors of damage response (Giminez and ManzanoAgugliaro, 2017). ATR regulates responses to a wider range of damage including DSBs. ATR is
activated by DSBs and other damage that blocks replication and further maintains the cellular
response until the repair is complete by associating with ATRIP (ATR-interacting Protein). The
ATR/ATRIP complex is activated by Replication Protein A (RPA) bound ssDNA, signaling that
repair processes are underway (Brown and Baltimore, 2003, Culligan et al., 2004). The repair
pathway is initiated by the phosphorylation of histone variant H2AX (γ-H2AX) by ATM in the
chromatin domain surrounding the damage (Roy, 2014). The accumulation of γ-H2AX foci
signals downstream repair factors to the site of damage. The Mre11-Rad50-NBS1 (MRN)
complex senses the damage and resects the ends of the DNA to form ssDNA 3' hydroxyl
overhanging ends. RPA coats the ssDNA and determines the repair pathway to be used. RPA
binding to ssDNA prevents Microhomology-Mediated End-Joining Repair (MMEJ), which is
error-prone, and if a sister chromatid is available, RPA promotes homologous recombination
repair (HRR). RPA recruits Breast Cancer Gene 2 protein (BRCA2), associated with Rad51
proteins onto ssDNA for D-loop and nucleofilament formation that mediates the homology
search on a sister chromatid followed by strand invasion into the homologous template (Figure
1.1).
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Figure 1.1 DNA damage sensors, transducers and effectors in plants. Detection of damage by sensors and
transducers: activation of ATM/ATR phosphorylates H2AX. MRN complex resects 3' ends, RPA coats
ssDNA and effector BRCA2/Rad51 complex activates homology search.

DSBs are repaired by two main mechanisms: homologous recombination repair (HRR)
and non-homologous end joining (NHEJ) pathways, depending on the phase of the cell-cycle and
type of damage (Roy, 2014). The error-prone pathway, NHEJ, does not require a homologous
sequence, and usually occurs in the M/G1 phase of the cell-cycle (Manova & Gruszka, 2015).
HRR requires an exact copy of the homologous sister chromatid, repairing the break using
regions of sequence homology and usually occurs in the S/G2 phase of the cell-cycle, when a
sister chromatid is present. The resection of 5' ssDNA ends on either side of the DSB is
catalyzed by the trimeric MRN complex. MRN consists of a single-strand endonuclease and a 3'5' exonuclease that process DNA ends at the break creating 3' OH (hydroxyl) overhangs. RPA is
an important mediator of HRR, loading BRCA2/Rad51 complex onto the ssDNA.
BRCA1/Rad51 catalyzes the search for complimentary DNA on a sister chromatid. The Rad51
nucleofilament invades the 3' end of the resected ssDNA and anneals to complimentary
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sequences on the opposing strand of a sister chromatid, forming a D-loop. The invading 3' strand
undergoes synthesis extending the D-loop and annealing to bases on the opposing 3' ssDNA
strand. Leading strand synthesis takes place, resulting in resolving of cross over structures
(Holliday junctions) and DNA ligase seals the strand (Lehninger, 2008).
When DSBs occur in somatic cells and homologous recombination repair (HRR) is
activated, the best option for repair is the synthesis-dependent strand annealing (SDSA) pathway
(Puchta, 2005). The SDSA model of repair is a conserved mechanism where homology with
template DNA is copied into the DSB without sequence loss. Briefly, the invading strand primes
new DNA synthesis but the second annealing step fails to occur. The original invading strand is
displaced and anneals to the 3' ssDNA from the opposite side of the break. This process provides
a template for error free repair synthesis. It involves the invasion of homologous, double-strand
DNA template with a single-strand 3' overhang which is extended during DNA synthesis. The
single-strand 3' overhang invasion is mediated by the BRCA/Rad51 complex as previously
described (Figure 1.2). The SDSA mechanism of repair is generally the most prominent
homology-based way of DSB repair in eukaryotes (Putcha and Fauser, 2014).
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Figure 1.2. Model of DSB repair in plants. ATR and ATM phosphorylate H2AX in response to DSB.
MRN complex resects the ends to form ssDNA 3'OH overhangs. RPA coats ssDNA and binds
BRCA/Rad51 complex for D-loop formation and replication using a sister chromatid.

Replication Protein A background
The DNA of eukaryotic organisms is in a double helix structure that stabilizes and
protects the integrity of the genome. DNA metabolic processes and genotoxic assaults generate
transient ssDNA that is susceptible to chemical and nucleolytic degradation and can form a
secondary structure such as stem loop that inhibits the function of enzymes reannealing to its
complimentary DNA strand before repair is completed (Siebert and Humphrey,1965). Cells
protect ssDNA intermediates by activating single-stranded binding proteins that bind to ssDNA
with high affinity and are ubiquitous in the cell. SSBs bind and prevent ssDNA from
reannealing, limit chemical modifications and protect DNA from nuclear degradation. SSBs also
signal specific repair proteins to the damaged site, initiating signaling cascade of sensors,
transducers and effectors (Wold et al.,2014).
RPA is the major eukaryotic ssDNA binding protein and is highly conserved in plants,
animals and fungi. RPA is essential for replication, repair, recombination, checkpoint activation
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and DNA damage response (Aklilu et al.,2013). RPA is a heterotrimeric single-stranded binding
protein consisting of three subunits: RPA1 (~70 kDa), RPA2 ( ~32 kDa) and RPA3 (~14kDa).
RPA binds to ssDNA with high affinity and interacts with multiple proteins required for DNA
metabolism (Bintz, 2004, Wold, 2012). The multiple roles of RPA in cellular metabolism
indicates that RPA subunits have varied functions in the DNA repair pathway. Animals and yeast
have a single RPA1 subunit and use post translational modification to alternate function from
DNA replication to DNA repair. When DNA damage is detected, RPA2 is hyperphosphorylated
by ATM, ATR, and DNA-PK (in mammals) in a cell-cycle dependent manner. RPA2 undergoes
conformational changes when it is phosphorylated, causing a down regulation of DNA
replication. Therefore, hyperphosphorylation of RPA shifts the cellular pool of RPA from
replication to repair (Bintz, 2004).
Plants encode multiple paralogs of RPA1 subunits that use alternative mechanisms to
alternate function, possibly in the same manner phosphorylation modulates RPA activity in
animals. RPA is a first responder to DSBs, binding to ssDNA and preventing the formation of
secondary structures and degradation by nucleases. RPA determines which repair pathway will
be activated through signaling of ssDNA intermediates and coordinates the cellular response to
damage repair (Chen & Wold, 2014, Liu & Huang, 2016). Loss of any of the subunits of RPA is
lethal in mammals and non-lethal mutations in RPA causes DNA repair defects and genome
instability. RPA can adapt to different conformations on DNA, rapidly diffusing on ssDNA and
destabilizing secondary structures while providing small regions for other proteins in the DDR to
bind. The dynamic interactions of RPA with ssDNA aid in the choice of repair pathways for
DSBs, RPA inhibits error-prone microhomology-mediated end joining (MMEJ) and stimulates
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error-free homology-mediated repair pathways (Chen and Wold, 2014,Yates et al., 2018, Pokhrel
et al., 2017).
The Arabidiopsis genome encodes five paralogs of RPA1 that have unique roles in DNA
replication, repair and recombination. Although the factors involved in DNA repair and
metabolism are highly conserved between plants and animals, RPA function has evolved
differently in plants. While yeasts and mammals have a single RPA 1, RPA2 and RPA3 subunit,
with the exception of two human RPA2-like genes, plants have multiple RPA1, RPA2 and
RPA3 genes. Analysis of the complete genomes of > 20 plant species reveal RPA1 gene
families have three subunits in most plants, however there are 5 subunits in the large family of
Brassicas (includes Arabidopsis) (Aklilu & Culligan, 2016). In the Arabidopsis genome there are
five paralogs of RPA1 large subunit; RPA1A, RPA1B, RPA1C, RPA1D and RPA1E, that
display unique and overlapping roles (Aklilu et al., 2014). Through genomic, genetic, and
biochemical analysis, it has been revealed that the RPA1 gene family in Arabidopsis has evolved
into two functionally distinct groups. RPA1A, RPA1C and RPA1E (ACE group) and RPA1B,
RPA1D (BD group). The primary function of the ACE group is associated with repair and
recombination while the BD group is involved with genomic DNA replication (Aklilu, et al.,
2014). To study DNA repair in plants and the role of RPA1 in DDR, DNA DSB damage was
incurred using abiotic methods such as ionizing radiation, UV light and replication blocking
chemicals. A recent study has shown that pathogens, both bacterial and fungal, induce DBSs in
Arabidopsis (Song & Bent, 2014). This proposal will focus on RPA1C and RPA1E subunits and
how they respond to pathogen-induced DNA damage in Arabidopsis. We hypothesize that RPA1
subunits C and E play a role in the repair of pathogen-induced DSBs and will show a similar
response to abiotic sources of DSBs .
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Molecular response to pathogen-induced DSBs
Pathogen-induced DSBs increase the homologous recombination frequency and induce
pathogen-related gene expression in infected plants (Kovalchuk et al., 2003). It has become
increasingly evident that plants have established complex interactions between the formation of
DNA damage, activation of repair pathways and immune defense response to pathogens.
Activation of immune defense pathways also preserves genome integrity (Song & Bent, 2014).
Recently it has been shown that microbial pathogens induce DNA DSBs in host plant genomes
through the detection of pathogen-induced augmentation of γ-H2AX and rapid repair of γ-H2AX
associated lesions (Song & Bent, 2014). High levels of reactive oxygen species (ROS) are a first
response in plant defense and have been considered as a possible source of the DNA damage
occurring in pathogen infection (O’Brien, Daudi, Butt, & Bolwell, 2012, Hu, Cools, & De
Veylder, 2016 ), however the formation of pathogen-induced DSBs was found to be independent
of the ROS production (Song & Bent, 2014). Further investigation into the interaction between
plant defense and immune systems reveals a complex synchronicity.
Plant defense and immune response signal transduction systems are varied, inter-related
and complex. Plants have an innate defense system to respond to pathogen infection. Plant
defense mediators include reactive oxygen species (ROS), the salicylic acid pathway (SA),
jasmonic acid/ethylene pathway (JA), and microbe/pathogen associated molecular patterns
(MAMPs/PAMPs)(Quirino & Bent, 2003). ROS is the primary feature of plant defense responses
and in response to pathogen infection there is a rapid accumulation of ROS species, however,
experimentation employing NADPH oxidase catalytic subunit mutant genes elicited no reduction
in the number of DSBs, indicating that ROS is not required for pathogen-induced DSBs (Song &
Bent, 2014). The JA/ethylene signal transduction pathway mediates defense responses to some
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pathogens, inhibiting symptom development in plants infected with P. syringae pv tomato, but
does not induce γ-H2AX accumulation indicating DSBs (Bent et. al, 1992, Song & Bent 2014).
The SA pathway responds to pathogen infection by activating DNA damage responses and is
essential to plant immune response. Genetic screens have identified NPR1 (non-expressor of PR
genes 1) and SNI1 (suppressor of npr1-1 inducible 1) as the master regulators in SA-mediated
defense response (Yan et al., 2013). Yan et al. found that pathogen infection triggers the SA
response, inducing DNA damage and DSBs, indicating a DNA damage response mediated
defense pathway independent of NPR1. This is in direct contrast to Song et al. experimentation
that found no increase in DSBs after treatment with SA, indicating that SA-mediated signaling
diminishes pathogen-induced damage to the host DNA. Future investigations into the SAmediated defense response and DDR could reveal a complex synchronicity between DDR and
SA-mediated pathways in response to pathogen infection.
Pseudomonas syringae (P. syringae) is a gram-negative plant pathogenic bacterium that
causes disease in a wide range of plant species. P. syringae is a hemibiotroph that infects leaves
and fruits of plant hosts, obtaining nutrients from the apoplast with weak survival rates as an
epiphyte on the surface of the host plant leaves (Xin and He, 2013). Each strain of P. syringae is
specific to its host and therefore strains are classified into pathovars based on the host plant in
which they were identified. In 1991, Pst DC3000, a rifampicin resistant derivative of P. syringae
pv. tomato Pst DC3000 was generated in the laboratory by Dr. Cuppels (Cuppels & Elmhirst,
1999). Pst DC3000 is a successful pathogenic bacteria in the infection of both tomato and
Arabidopsis leading to over two decades of research on Arabidopsis/Pseudomonas syringae
molecular interaction (Katagiri, Thilmony, & He, 2002).
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Pathogenicity requires the ability of the pathogen to enter the plant, overcome plant
immune and defense responses, proliferate and evoke disease (Surico, 2013). P. syringae pv.
tomato DC3000 (Pst DC3000) is highly aggressive in the host tissue of Arabidopsis, multiplying
rapidly in the apoplast and triggering an interacting mechanism of immune and defense
responses (Figure 1.3). Plants have evolved complex mechanisms of immune defense against
pathogens that are classified into two main pathways. Basal immunity, triggered by the
perception and recognition of molecules distinctive to microbes, is the first line of defense
against plant microbial pathogens. This broad-spectrum immunity is based on the detection of
conserved microbe-specific molecules such as flagellin (Flg) and elongation factor Tu (EF-Tu).
These molecules, referred to as microbe or pathogen-associated molecular patterns
(PAMPs/MAMPs), are recognized by the plant innate immune systems pattern recognition
receptors (PRRs). This recognition of PAMPs elicits PAMP-triggered immunity (PTI) that kills
or limits the pathogen by triggering the hypersensitive response (HR) (Rouxel and Balesdent,
2010). At the time of pathogen infection, the
plant HR elicits a rapid, localized initiation
of cell death keeping the pathogen confined
to the primary infection site. However,
pathogens have evolved genes that encode
for effectors aiming at suppression of PTI in
plant hosts and plants have responded by

Figure 1.3. Pathogen infection of P. syringae in
plant tissue. Epiphytic growth on leaf and bacteria
enter apoplast through stomata.

developing specific resistance genes (R-genes) that mediate against pathogenic effector genes,
eliciting the gene-for-gene defense pathway (Katagiri et al., 2002). The gene-for-gene interaction
detects one bacterial effector (avirulence gene) encoding a protein that is specifically recognized
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by the host plant that has a matching resistant gene. The gene-for-gene recognition elicits HR
and the plant develops chlorosis and necrosis in the infected leaf/leaves (Sreekanta et al., 2015).
The gene-for-gene resistance model in plant-pathogen interactions are subject to evolutionary
forces, virulence is recessive and a loss of function mutation in the avirulence gene of the
pathogen makes it virulent in the host. The plant must then gain a new resistance gene to counter
new pathogen attacks, creating a novel resistant phenotype (Richter & Ronald, 2000).
Arabidopsis has many highly polymorphic disease resistance genes that share common structural
domains and DNA rearrangements are essential in the evolution of these genes. We could
hypothesize that when the pathogen enters the host and secretes avirulence factors that break the
DNA the plant responds by initiating HRR and increasing recombination of R-genes to adapt to
rapidly evolving pathogens.
Studies connecting plant DDR and biotic DNA damage are few, but maintenance of
genome integrity is likely to play a role. Plant DDR and response to pathogen infection
stimulates HRR. Song et al. has shown that both pathogenic and non-pathogenic microorganisms
induce DNA damage in Arabidopsis, however the mechanisms leading to DNA damage remain
unclear. Evidence that DDR activation is linked to plant immunity has been investigated with
several DNA repair mutants such as parp1,rad51 and brca2 (Song et al., 2015, Song et al.,
2011). DDR-enhanced plant defense activation was elicited in Suppressor of Npr1 Inducible
1(SNI1). SNI1 plays a crucial role in DNA repair, connecting cell-cycle checkpoint activation
and DNA repair mechanisms. SNI1 mutants accumulate damage and show enhanced tolerance to
pathogens suggesting DDR activation could stimulate a biotic stress response (Yan et al., 2013).
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Since we know that RPA1C and RPA1E play a dynamic role in how cells respond to
DNA damage, future investigation into the link between plant immunity, DDR and RPA1C and
RPA1E could further determine the underlying mechanisms of this intricate pathway.

Arabidopsis as a model organism to study the role of RPA in pathogeninduced DNA DSBs
When developing a model system to study the role of RPA in the repair of pathogeninduced DNA DSBs it is important to understand that a model system cannot address every
aspect as a natural system. The genome of Arabidopsis encodes many orthologs of animal
genome maintenance proteins and repair pathway proteins, making Arabidopsis a good model
system for gene-to-gene interactions. In mammals, genome maintenance pathways are associated
with complex networks that act with each other making it difficult to study each component in
isolation. The common genetic approach of constructing mutants to determine the function(s) of
a gene is hindered by lethality, low viability or infertility of the mutants (Hays, 2002).
In the past, studies of genome maintenance factors have been conducted using bacteria
(Escherichia coli), yeast (Saccharomyces cerevisiae), transgenic mice and cultured mammalian
cells. Bacteria grow rapidly, are haploid and easy to work with when inactivating a gene of
interest and are inexpensive. However, the complex repair pathways of higher eukaryotes are not
present in bacteria and their chromosomal structure is significantly different from that of higher
eukaryotes. Yeast cells also grow rapidly and are inexpensive to maintain. They can grow as
diploids or haploids and have many orthologs of repair factors. Yeast cells mostly repair via the
HRR pathway but do not undergo apoptosis. Cell cultures utilize immortalized cell lines which
can undergo mutation accumulation over time, which is not well understood. Culture facilities
and media are expensive, and culturing is time consuming. Maintenance of mouse colonies is
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expensive and tightly regulated, and some mutations are lethal to the rodent (Hays, 2002,
Sreekanta et al., 2015). Knowledge of DNA repair mechanisms coming from studies using these
model organisms has impacted research in both mammalian and plant model systems.
Plants differ from higher eukaryotes in that they lack a reserve germ line. Gametes form
from undifferentiated meristematic cells upon completion of the life cycle. Plants undergo
multiple generations of somatic growth and have been continuously exposed to endogenous and
exogenous mutagens putting them at risk for replication errors and inherited mutations, however
plants don’t get cancer, indicating their efficient genome maintenance capabilities (Hu et al.,
2016). Plants tolerate mutations that trigger lethality in other organisms. Arabidopsis, with its
many orthologs to mammalian repair factors, along with a small genome (~135Mbp), rapid lifecycle and numerous transformation lines readily available, is an excellent model system for the
study of DNA repair systems. Null mutations that silence proteins in the DNA repair pathway,
such as RPA, can cause embryonic lethality, low viability and infertility in mammalian models
such as mice are well tolerated in Arabidopsis T-DNA mutant insertion lines (Hays, 2002).
The Arabidopsis-P. syringae interaction has been widely studied however there is no
naturally occurring infection of P. syringae in Arabidopsis (Aylon & Kupiec, 2004). All studies
of this interaction have been done under artificial conditions in the lab, either by vacuum or
syringe infiltration, or spray inoculation. P. syringae is a Gram-negative rod-shaped bacterium
with polar flagella. Different strains of P. syringae have diverse and host specific interaction
with plants, with each specific strain assigned to one of at least 40 pathovars, depending on the
host species. The driving force for using P. syringae in studies of host-pathogen interactions was
to understand the molecular basis for host specificity. P. syringae enters the host through the
stomata (natural openings) on the leaves. The bacteria then multiply rapidly in susceptible plants
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causing necrosis, chlorosis and cell death. In the 1980s P. syringae pv tomato was found to infect
Arabidopsis, causing disease symptoms, and the Arabidopsis-P. syringae pathosystem was
established. The virulent strain used in this research, P. syringae pv tomato DC3000 originated
from these early studies. The Arabidopsis-P. syringae pathosystem has triggered research on the
mechanisms underlying plant recognition of pathogens, signal transduction pathways of plant
defense responses, host susceptibility and pathogen virulence.
This dissertation describes my investigation into the role of RPA1 large subunits C and E
in response to DNA DSBs caused by the bacterial pathogen Pseudomonas syringae pv tomato
Pst DC3000 in Arabidopsis plants. Chapter II describes the hypersusceptibility of rpa1c, rpa1e
and rpa1c/e mutant plants when infiltrated with the plant pathogen. Chapter III investigates
quantification of these results by quantitative PCR and digital PCR methods. Chapter IV
analyzes the accumulation of phosphorylated histone variant H2AX in response to DSB damage
in rpa1c, rpa1e, and rpa1c/e mutant plants.
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CHAPTER II

ARABIDOPISIS THALIANA RPA1C AND RPA1E SUBUNITS ARE
INVOLVED IN DOUBLE-STRAND BREAK REPAIR CAUSED BY
PLANT PATHOGEN PSEUDOMONAS SYRINGAE pv. TOMATO
Pst DC3000
ABSTRACT

Plants are under continuous attack by microbial pathogens and have developed multiple
strategies to respond to the damage caused by them. Plants lack an immune system comparable
to animals and have developed structural, chemical, and protein-based defenses against pathogen
attack. Surveillance and detection of microbial pathogens triggers downstream factors such as
pathogen-related gene expression of resistance genes, the hypersensitive response and DNA
damage repair response. Plants have developed complex signaling pathways that mediate DNA
damage by activating repair pathways. DNA double stand break repair relies on sensors,
transducers and effector proteins. Sensors and transducers recognize the type of damage and
determine the activation of the effector response. Replication Protein A (RPA), a DNA damage
sensor, is recruited to the ssDNA 3' hydroxyl resected ends and signals downstream factors to
initiated DNA repair. This experiment seeks to determine the role of RPA1 large subunit
paralogs RPA1C and RPA1E in response to DNA damage induced by Pst DC3000.
RPA is a heterotrimeric single-stranded binding protein. Plants have three subunits of
RPA: RPA1 (~70 kDa), RPA2 ( ~32 kDa) and RPA3 (~14kDa). Arabidopsis encodes five
RPA1-like genes, phylogenetically divided into three distinct groups, RPA1A (group A),
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RPA1B, RPA1D (group B) and RPA1C, RPA1E (group C). Analysis of T-DNA insertion
mutants rpa1c, rpa1e and rpa1c/e indicate that although each mutant line is null, all mutant lines
are viable and show normal vegetative growth. The rpa1c and rpa1e plants show
hypersusceptibility to the microbial pathogen Pst DC3000 when vacuum infiltrated at a
concentration of 1x105 CFU/ml. The rpa1c/e double mutant plants do not exhibit resistance to
Pst DC3000 compared to wild-type Col-O and hypersusceptible controls of brca2(a) and npr1.
Comparison of mutant genotypes with Col-O show significant elevation of bacterial growth in
rpa1c and rpa1e infiltrated plants, indicating that RPA1C and RPA1E subunits play a role in
pathogen-induced DNA DSB repair. The double mutant rpa1c/e showed decreased bacterial
growth, which may indicate age-related resistance (ARR) to the pathogen due to early flowering
and transition from vegetative state to flowering. While we do not prove that ARR causes
decreased bacterial growth, previous studies have shown that ARR induction provides plants
with enhanced resistance to some pathogens.

INTRODUCTION
DNA double-strand breaks and microbial pathogens
DNA double-strand breaks are the most detrimental type of DNA damage to eukaryotic
cells. These breaks can be induced in eukaryotic cells by many different biotic and abiotic
factors, including microbial pathogens. It has recently been determined that microbial pathogens
of mammals can trigger host DNA DSBs (Nougayrede et al., 2006; Elsen, Collin-Faure, Gidrol,
& Lemercier, 2013; Toller et al., 2011). The human pathogen Helicobacter pylori (H. pylori)
causes chronic infection of human gastric mucosa and is a risk factor in the development of

17

gastric cancer. Infection of H. pylori produces DSBs in human epithelial and mesenchymal cells.
This damage can be deleterious, leading to DNA damage followed by defective DNA repair and
genomic instability, consistent with chromosomal aberrations and mutations that are hallmarks of
gastric cancer. Escherichia coli (E. coli) is a common cause of gram-negative infections in
humans. Pathogenic E. coli strains causing meningitis and urinary tract infections have genomic
islands of pathogenicity that induce DSBs upon transient contact with epithelial cells.
Occurrence of E. coli with islands of pathogenicity has been shown to be a predisposing factor in
in the development of intestinal cancer (Nougayrede et al., 2006).
Microbial plant pathogens, including bacteria, oomycete and fungal pathogens, induce
DSBs in the genomes of host plant cells (Song et al., 2014). DSB induction is common during
plant-pathogen interactions, leading to gene mutations. In response to pathogen infection
immune responses are activated to suppress pathogen-induced DSBs to maintain genomic
stability. How plant immune responses and DNA damage repair responses are interconnected is
just starting to be investigated.

Plant defense systems and immunity pathways
In field conditions, plants are exposed to many types of stress, both exogenous and
endogenous, and need to respond quickly to maintain genome integrity. The interactions between
DNA damage sensing, activation of repair pathways and plant defense response to microbial
pathogen attack is not completely understood. Determining which mechanisms control the plant
response to DNA damage may shed light on crop plant biotechnology methods that can be used
to help plants adapt to their dynamic environment (Manova & Gruszka, 2015).
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Plants are continuously exposed to microbial pathogens in nature and have evolved
defense mechanisms to effectively combat microbial infection. Plant defense systems and signal
transduction systems are varied, inter-related and complex. Plant defense mediators include
reactive oxygen species (ROS), the salicylic acid pathway (SA), jasmonic acid/ethylene pathway
(JA), and microbe/pathogen associated molecular patterns (MAMPs/PAMPs) (Quirino & Bent,
2003). Activation of pathogenic defense pathways contributes to the maintenance of genome
integrity (Song & Bent, 2014). Immune responses and DNA damage repair are both involved in
response to pathogenic invasion, suppressing the DSB damage and contributing to the
maintenance of genome integrity, however how they are linked is not well known. It has been
shown that plant pathogens induce DSBs in host plant DNA, leading to increased production of
reactive oxygen species (ROS), a known DNA damaging agent, however; pathogenic microbial
infection induced DNA DSBs are triggered independently of known DNA damaging agents such
as ROS production, salicylic acid (SA) and jasmonic acid (JA) pathways (Lamb & Dixon, 2002;
Song & Bent, 2014). Therefore, it is assumed that the pathogen itself causes the DSBs and not
host immunity/defense activation.

Replication Protein A Response to Pathogen Infection
Replication Protein A (RPA) is a major eukaryotic single-stranded binding protein
involved in almost all DNA metabolic pathways including DNA replication, recombination
checkpoint activation and repair. Defects in RPA lead to compromised cellular activities and
genome instability, a major factor in the pathogenesis of neurodegenerative diseases and cancer
in mammals. The single-stranded binding activity of RPA is mediated by RPA1 subunits and is
an essential conductor of all metabolic processes (Chen & Wold, 2014). When RPA binds to
ssDNA it forms a stable complex that is removed only in the presence of other ssDNA binding
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proteins. RPA is a first responder in the coordination of cellular response to DNA damage and is
required for activation of cell-cycle checkpoints (Hass, Lam, & Wold, 2012). RPA1 large
subunit binds to ssDNA and interacts with many other DNA damage sensing and repair proteins,
including ATM, ATR, MRN complex and BRCA2. RPA1 subunits have unique roles in DNA
repair and replication. RPA is composed of two main functional groups: RPA1 A, C, and E
(ACE group) and RPA1B ,RPA1D (BD group). The ACE group is involved in DNA repair and
recombination while the BD group is involved in replication. RPA1 subunits C and E display a
hypersensitive response to DNA damaging agents such as ionizing radiation and camptothecin
(CPT). Ionizing radiation induces DSBs and DNA base damage; however, CPT specifically
induces DSBs by blocking the re-ligation step of DNA Topoisomerase I. The RPA1C subunit
displays strong sensitivity to CPT whereas the RPA1E mutant does not. This indicates that
RPA1C plays a prominent role amongst RPA1 subunits in repair of DNA DSBs with RPA1E
perhaps taking on a complimentary role (Aklilu et al., 2014).
The hypothesis that RPA1 subunit paralogs perform functionally different roles in DNA
repair, recombination and replication can be further determined by investigating the role of
RPA1C and E in response to microbial pathogen infection and resulting DNA damage. This
work will help to clarify the role of individual subunits of RPA1 and reveal the role of RPA1C
and RPA1E in response to pathogen-induced DNA damage.
Infiltration of Pst DC3000 in transformed Arabidopsis plants reveals the role of subunits
RPA1C and RPA1E in DNA double-strand break repair. To investigate the role of RPA1
subunits in DNA repair of pathogen-induced DSBs, T-DNA insertion lines of mutant brca2(a),
rpa1c, rpa1e, and rpa1c/e double mutant were characterized by genotyping. The npr1 (knock out
of ankyrin repeats) mutant lines were obtained as confirmed mutant lines and used as positive
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controls in infiltration experiments. Molecular interactions between responses to pathogen
infection and genome stress is positively regulated by NPR1 (NON-EXPRESSOR OF PR
GENES1). NPR1 is a positive regulator of the plant hormone salicylic acid (SA), triggering the
up regulation of plant defense against microbial pathogens. NPR1 lies upstream to BRCA2
(BREAST CANCER SUSCEPTIBILITY 2 homolog A), both of which are major regulators of
plant defense gene transcription (Wang, Durrant, Song, Spivey, & Dong, 2010). BRCA2
homologs and their interaction with RAD51 proteins are needed for the transcriptional regulation
of pathogenesis-related (PR) genes involved in microbial pathogen defense. Previous research
has determined that Arabidiopsis plants deficient in BRCA2(A) demonstrate hypersusceptibility
to pathogen infection (Song & Bent, 2014).

MATERIALS AND METHODS

Plant materials and growth
All Salk T-DNA insertion mutants were obtained from the A. thaliana Biological
Resource Center (ABRC). The Salk ID for each mutant is as follows: rpa1c, Salk_085556;
rpa1e, Salk_120368; brca2(a) Salk_075317; npr1 CS3726. Lines homozygous for the T-DNA
insert were isolated by PCR using gene-specific and T-DNA specific primers (see below). To
initiate germination, seeds were surface sterilized by agitating in a 10% bleach solution for five
minutes, rinsed and agitated three times with autoclaved double distilled water. Seeds were sown
on nutrient phytoagar plates containing 1x MS salts (PlantMedia, Dublin, Ohio, USA) pH 5.7,
0.05 g/L MES and 1.0% (w/v) phytoagar (PlantMedia, Dublin, Ohio, USA) . Seeds were
stratified at 4°C for two days in the dark before being placed vertically in a growth chamber
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under cool-white lights filtered through Mylar (Golden State Plastics, Sacramento, CA, USA) at
an intensity of 100-150 mmol/m2/sec at 22°C, and a photoperiod of 16hr light/8hr dark. Plants
were then transferred on the seventh day to soil growing medium (SUNGRO Horticulture, Seba
Beach, Canada). Plants were planted in pots as follows: each pot was individually mounded to
approximately one inch above the pot rim, seedlings were planted, and the pots were covered
with screening held in place with elastic bands.
For infiltration experiments plants were grown under 8 hours of light (~130
microeinsteins m-2 s-1) and 16 hours of darkness at 22°C in a Conviron CMP6010 growth
chamber. Plants were watered every 3 days and supplemented with Miracle-Gro

15-30-15

plant fertilizer, 0.45 g/liter (Scotts Miracle-Gro products Inc., Marysville Ohio, USA). Assays
used ecotype Col-O as the wild-type background and the following mutants: npr1(CS3726),
brca2(a) (Salk_075317) , rpa1c (Salk_085556), rpa1e (Salk_120368), and rpa1c/e double
mutant. Plants were grown for approximately six weeks unless otherwise indicated. A total of 6
individuals of each genotype were used for 3 replicates (3 separate infiltrations).

PCR analysis of T-DNA insertion lines
To segregate the genotypes for the presence of a homozygous copy of a T-DNA insertion
in the RPA1 and BRCA2(A) genes, Arabidopsis genomic DNA was isolated by grinding young
leaves in 500 µl extraction buffer (0.2 M Tris-HCl, (pH9.0), 0.4 M LiCl, 25 mM EDTA, 1%
SDS). Homogenized extracts were centrifuged in an Eppendorf microcentrifuge at full speed for
five minutes at room temperature and 350 µl supernatant was transferred to Eppendorf tubes
containing 350 µl isopropanol. Tubes were mixed by inversion and DNA precipitated for ten
minutes at room temperature. Supernatant was then discarded, the pellet air dried for twenty
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minutes and resuspended in 100 µl double distilled water. PCR amplification was carried out
using GoTaq Green master mix kit (Promega, Madison, WI) according to the manufacturer’s
instructions. The sequences of the gene-specific and T-DNA left border specific (Lb1) primer
sequences were as follows:
rpa1c, Salk_085556 (F):

5’-GAGAACAACAGCACCACTGATGTA -3’

rpa1c, Salk_085556 (R):

5’ -GTCTCTAGTTCCTGAGGTTCCA -3’

rpa1e, Salk_120368 (F):

5’ -TGGTATTGTGTCATCTATCA -3’

rpa1e, Salk_120368 (R):

5’ -AACCTTACGGATGATATCTT -3’

brca2(a), Salk_075317 (F): 5’ -CAGTAAGACAGCGGAGAATGC -3’
brca2(a), Salk_075317 (R): 5’ -ACAGACTTCCCTAGCCCAGTC -3’
5’ -TGGTTCACGTAGTGGGCCATCG -3’

Lb1:

The Lb1 primer sequence for Salk T-DNA insertion lines was obtained from the SIGnAL
T-DNA express website (http://signal.salk.edu/tdnaprimers.2.html). To obtain rpa1c/e double
mutants progeny plants from self-fertilized rpa1c-/- and rpa1e-/- lines were crossed and PCR
analyzed for the presence of T-DNA insertions and separately for the absence of the wild type
allele. The npr1seeds were obtained as a confirmed mutant line susceptible to virulent oomycete
and bacterial pathogens, genotype was curated by ABRC. The PCR products were analyzed by
electrophoresis on a 1% (w/v) agarose gel run 1 hour at 95V. All characterized lines segregated
as a single Mendelian locus and are recessive. The wild-type control Arabidopsis accession was
Columbia (Col-0).

Root Assay confirming genotypes phenotypically
Root assays were performed on all mutant and wild-type genotypes to confirm phenotype
of seedlings in response to the abiotic DNA damaging agent CPT. To initiate germination, seeds
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were surface sterilized by agitating in a 10% bleach solution for five minutes and then rinsed and
agitated three times with autoclaved double distilled water. One set of seeds were sown on
nutrient phytoagar plates containing 1x MS salts (PlantMedia, Dublin, Ohio, USA) pH 5.7, 0.05
g/L MES and 1.0% (w/v) phytoagar (PlantMedia, Dublin, Ohio, USA) without CPT, the other set
of seeds were sown on phytoagar plates supplemented with 15 nM CPT. Seeds were stratified at
4°C for two days in the dark before being placed vertically in a growth chamber under coolwhite lights filtered through Mylar (Golden State Plastics, Sacramento, CA, USA) at an intensity
of 100-150 mmol/m2/sec at 22°C, and a photoperiod of 16hr light/8hr dark for 11 days. After 11
days all the plates were analyzed by measuring the primary roots (no secondary roots were
measured) in mm with a ruler.

Measurement of the hypersensitive response of Arabidopsis experimental
genotypes by syringe infiltration of Pst DC3000
To measure the enhanced disease susceptibility (EDS) of each genotype, a syringe
infiltration of Pst DC3000 was performed. Three days before the EDS assay Pst DC3000 from
-80° C glycerol stock was streaked on NYGA bacterial culture plates supplemented with
rifampicin 50 µg/ml and cycloheximide 50 µg/ml and incubated at 28° C for 48 hours. One day
before the EDS assay a bacterial lawn was grown by taking one colony from the streak plate and
pipetting it into 200 µL 10 mM MgCl2 and plating 100 µL of the bacterial solution on NYGA
plates (as described) and incubating overnight at 28° C. Plants of genotypes: Col-O, brca2(a),
npr1 , rpa1c, rpa1e and rpa1c/e double mutant were grown in short day conditions as previously
described. Petioles of leaves comparable in size were marked with a waterproof marker for
identification after infiltration. The plants were watered by soaking for 20 minutes prior to
infiltration to facilitate the opening of plant stomata and to ensure bacterial entrance into the
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plant. Plants were syringe infiltrated in the morning to avoid the effect of circadian rhythms and
diurnal gene regulation, reducing the variation in experimental replications.
The bacterial lawn plates were washed with 1.0 ml of 10mM MgCl2 and diluted to the
final OD600nm = 0.1 for EDS infection assay (1x108 CFU/ml). Leaves were infiltrated with a 1.0
ml blunt end needleless syringe containing the bacterial solution. Leaves were blotted to remove
excess solution, dried for 2 hours and returned to the growth chamber for 72 hours.

Vacuum infiltration and bacterial growth assay
The Pseudomonas syringae strain used in this study, Pst DC3000, was grown on NYGA
plates supplemented with rifampicin 50 µg/ml and cycloheximide 50 µg/ml. Plants were inverted
into a bacterial solution at 1x105 CFU/ml in 10 mM MgCl2 inoculated with 25 µl/L Silwet L-77
(Phytotechnology Laboratories, Shawnee Mission, Kansas), and vacuum infiltrated in a
desiccator to 3.0 Torr. Plants were drained for 20 minutes, samples were taken for Day 0 time
point and plated on NYGA supplemented with rifampicin and cyclohexamide as previously
described. For each sample 4 leaf discs (0.95 cm2) were taken from four separate leaves (two
leaves per plant infiltrated) with a 0.3 cm punch and placed in a 1.5 ml eppendorf tube. Leaf
tissue was ground in 10 mM MgCl2 and serial dilutions were made from 1x100 to 1x10-5. Day 0
samples were plated in duplicate at 1 x 100 and 1 x 10-1 for each genotype. Day three (72 hour)
samples were plated in duplicate from 1x10-3 to 1x10-5 serial dilution for each genotype. The
bacterial dilutions were spread evenly over entire surface of the plate to dryness and incubated
for 48 hours at 28°. Plate colonies were counted using a manual light box and recorded.
Between time points plants were returned to their normal growth environment as previously
described.

25

Flowering time measurement
Flowering time was measured as the number of days from germination to the emergence
of a 1cm bolt in healthy non-infiltrated plants grown in short day: 8 hours of light, 16 hours
darkness, 22°C as previously described. Four plants per genotype were assessed. Plants that did
not flower by the time of infiltration were given a flowering time equal to the total number of
days of growth until infiltration, approximately 40-50 days.

Statistical data analysis
All data analysis was done in a custom R-script version 3.5.3. An Analysis of Variance
(ANOVA) was conducted (p < 0.05) on all samples to determine the significant difference of
bacterial growth between genotypes. A Tukey HSD test was performed to determine the
difference between the means of each specific group. Error bars depict the standard error of the
means of each genotype by infiltration.

RESULTS
To investigate the role of RPA1 subunits in DNA repair of pathogen-induced DSBs, TDNA insertion lines of mutant brca2(a), rpa1c, rpa1e and rpa1c/e double mutant were
characterized by genotyping. We chose individual lines SALK_ 085556 (rpa1c), SALK_120368
(rpa1e), SALK_075317 (brca2(a)), and npr1 ABRC CS3726 (obtained as a confirmed knock out
line from the Arabidopsis Biological Resource Center, Ohio State University). The double
mutant rpa1c/e was obtained as a confirmed mutant line previously characterized in our lab.
Previous research has determined that Arabidopsis plants deficient in the downstream repair
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protein BRCA2(A) demonstrate hypersusceptibility to pathogen infection, making it a good
mutant for the experimental positive control (Song & Bent, 2014). We hypothesized that RPA1C
and RPA1E subunits have unique roles in response to DNA damage upstream of pathogen–
induced DSBs. Previous research done in our lab determined that RPA1C and RPA1E display
hypersensitivity to abiotic sources of double-stranded breaks, such as γ-irradiation and exposure
to camptothecin indicating a role in DNA DSB sensing and repair (Aklilu et al., 2014).
Camptothecin blocks the re-ligation step of DNA Topoisomerase I and produces a DSB in the
presence of DNA replication. Camptothecin experiments were repeated to determine
susceptibility of our rpa1c, rpa1e, and rpa1c/e double mutant plants.

Phenotypic root assay for mutant genotyping confirmation
Roots of seedlings that were sown on 1% MS phytoagar and 1% MS phytoagar
supplemented with 15nM CPT were measured after 12 days of growth using a mm ruler and
illuminated in a lightbox (Figure 2). The results show an increase in hypersensitivity of rpa1c
and rpa1c/e double mutant to CPT compared to rpa1e as shown by root length (Figure 2.2.). The
root growth of rpa1c shows hypersensitivity to CPT indicating that RPA1C is a principle factor
in the repair of DSBs. The root growth of rpa1e in media supplemented with 15 nM CPT is
even greater than Col-O which indicates that RPA1E could have a possible auxiliary function in
other types of DNA damage and not double-strand break damage (Figure 2.1.).
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Figure 2.1. Examples of hypersensitivity analysis confirming phenotypes of mutant plants. (A)
and (B) 12-day-old wild-type (Col-O) and rpa1 single and double mutant seedlings grown on MS
medium supplemented with 0 nM and 15 nm CPT respectively.
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Figure 2.2. Hypersensitivity analysis of Col-O, brca2(a)-/-, rpa1c-/-, rpa1e-/- and rpa1c-/-e-/- double
mutants to abiotic damage caused by CPT. Root-length measurements in mm of 12-day old
seedlings plants grown in the absence (0 nM) of camptothecin (CPT) or presence (15 nM)
respectively. Error bars denote standard error of the means of each genotype.
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Scoring disease severity of plants inoculated by syringe infiltration
Disease severity is one of the macroscopic phenotypes monitored in plant pathogenesis
and is qualitatively rated by the visible leaf damage. The most efficient way to score for plant
pathogenesis is to rate symptom severity by eye. The goal is to view key symptoms, chlorosis (
leaf yellowing) and necrosis (tissue death) and rate the extent of each on a numeric scale to
quantify pathogenesis of the bacteria in the plant.
To assess the disease severity of Arabidopsis mutant plants brca2(a), npr1, rpa1c, rpa1e and
rpa1c/e double mutant, an optimized syringe infiltration of 1 x 105 CFU/mL Pst DC3000 was
performed (Figure 2.3). Leaves were collected and photographed in a lightbox 48-hours post-infiltration.
The extent of leaf chlorosis/necrosis was scored numerically from 0 to 3 (Figure 2.3). Mutant genotypes
brca2(a), npr1, rpa1c, and rpa1e all show disease scores from 2-3 of the infiltrated leaves. The rpa1c/e
double mutant reveals a score of disease severity of 1 indicating little to no pathogenesis in the leaf. These
results are consistent with populations of pathogen growth in all vacuum infiltration experiments.
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SCORING DISEASE SEVERITY (SD): EXTENT OF CHLOROSIS/NECROSIS
No disease visible
Isolated lesions
Apparent chlorosis, some lesions confluent: >50% of leaf tissue
Substantial leaf chlorosis/necrosis

Col-O SD = 1

rpa1c SD = 3

brca2a SD = 2

rpa1e SD = 3

npr1 SD = 3

rpa1c/e SD = 1

Figure 2.3. Syringe infiltrated leaves on left of each picture. Two leaves from each plant
were syringe infiltrated at 1x105 CFU/mL with Pst DC3000. Comparison side by side of
infiltrated and non-infiltrated leaves 48-hours post-infiltration.
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Determining the early flowering of rpa1c/e double mutant and the effects on
pathogen resistance
Early flowering of the rpa1c/e double mutant plants grown in short day (8-hour
photoperiod) conditions was analyzed. Flowering time was measured as the number of days from
germination to the emergence of a 1cm inflorescence in healthy non-infiltrated plants grown in
short day conditions: 8 hours of light, 16 hours darkness, 22°C as previously described. Four
replicates of each genotype were assessed ( Figure 2.4). The average flowering time of brca2(a),
npr1, rpa1c and rpa1e was 46 days in short day conditions. The average flowering time of rpa1c/e

double mutant in short day conditions was approximately 26 days, 20 days earlier than all other
genotypes. Early flowering time is associated with age related resistance (ARR) and transition
from vegetative state to flowering or possible antagonistic epistasis.
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Figure 2.4. Flowering time of genotypes grown in short day conditions.
Flowering time was measured as number of days from germination to
emergence of a 1.0 cm inflorescence.

Infiltration of Pst DC3000 in transformed Arabidopsis plants shows the role of
RPA1C and RPA1E large subunits in DNA double-strand break repair.
T-DNA insertion mutant line brca2(a) and knock out line npr1 were characterized and
used as hypersusceptible controls in subsequent infiltration experiments. All experiments were
monitored with a mock infiltration of 10mM MgCl2. Mock infiltrations showed no bacterial
growth and no perceivable damage to the plants. The first five sets of infiltrations were done on
all confirmed genotypes and assessed for infiltration success on Day 0- and 72-hour postinfiltration (Figure 2.5).
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Figure 2.5. Comparison of colony counts 20 minutes post-infiltration
and 72-hour post-infiltration with all confirmed mutant genotypes.

Multiple infiltrations were performed on wild-type (Col-O), brca2(a), rpa1c and rpa1e
mutant plants. Briefly, 6-week-old plants were placed in a bacterial solution (1x105 CFU/ml Pst
DC3000) and vacuum infiltrated. Leaf discs were taken on Day 0 and 72-hours post-infiltration,
homogenized in 10 mM MgCl2, diluted, plated and manually counted. Hypersusceptibility was
determined by comparing pathogenic colony counts in CFU/ml between wild-type Columbia
(Col-O) (negative control), positive control brca2(a),and experimental rpa1c and rpa1e mutant
genotypes (Figure 2.6 ).
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Figure 2.6. Comparison of Pseudomonas syringae pv. tomato, Pst DC3000
bacterial counts in CFU/ml between three preliminary infiltrations .

Comparison of CFU/ml colony counts of Pst DC3000 in Col-O, brca2(a), rpa1c and
rpa1e in infiltrations done with slight adjustments to the infiltration protocol, including the use
of a larger walk-in growth room that produced healthier plants and larger flasks for bacterial
oxygenation before infiltration. Comparison of mutant genotypes with Col-O shows significant
elevation of bacterial growth in all genotypes (Figure 2.7).
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Figure 2.7. Comparison of Pseudomonas syringae pv. tomato, Pst DC3000
leaf bacterial counts in CFU/ml for three replicates for each sample in the
experiment with revised protocol. Error bars indicate standard error of the
means of each genotype.

After protocol optimization double mutant rpa1c/e was infiltrated to determine if there
was an additive effect (increased bacterial growth and hypersusceptibility) when RPA1C and
RPA1E are absent in the genome. Multiple infiltrations revealed no significant difference
between bacterial counts of wild-type Col-O and rpa1c/e double mutant (Figure 2.8).
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Figure 2.8. Infiltration data on mutant genotypes and wild-type. To examine the quantitative
analysis of bacterial growth a pairwise t-test was performed. An Analysis of Variance (ANOVA)
was conducted (p<0.05) to validate the t-test results. Error bars denote standard deviation, with
significant difference between the experimental groups and the controls indicated by letter.

DNA repair proteins are involved in the regulation of gene expression during plant
immune response (Song et al., 2011). Non-expressor of Pathogenesis-Related Genes 1 (NPR1) is
a positive regulator of the SAR plant immune response pathway and is known to be involved in
the regulation of gene expression during plant immune responses (Lucht et al., 2002). After
protocol optimization npr1 was added as a hypersusceptible control to compare to experimental
genotypes rpa1c, rpa1e, and rpa1c/e double mutant (Figure 2.9). Infiltration experiments with
npr1 as a positive control had significant growth (p < 0.0005) over other genotypes.
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Figure 2.9 . Infiltration data on mutant genotypes, wild-type and controls. To examine the quantitative
analysis of bacterial growth a pairwise t-test was performed. An Analysis of Variance (ANOVA) was
conducted (p < 0.05) to validate the t-test results. Error bars denote standard deviation, with significant
difference between the experimental groups and the controls. R statistical program ver. 3.5.

DISCUSSION
Eukaryotic organisms are constantly assaulted by microbial pathogens which cause DNA
damage that can compromise genomic integrity. Multicellular organisms have developed
immune and defense mechanisms that are activated in a coordinated manner to counter pathogen
attack (Dodds & Rathjen, 2010). Relationships between plant immune responses and DNA
damage have been established. Treatment of Arabidopsis plants with salicylic acid analogs or
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inoculation with the oomycete pathogen H.arabidopsidis results in an increased frequency of
HRR (Lucht et al., 2002). UV radiation induces pathogenesis-related gene expression and DNA
damage repair proteins BRCA2 and RAD51 are involved in the regulation of gene expression
during plant immune responses (Kuntz et al., 2006). Even with these insights the link between
DNA damage incurred during plant-pathogen interactions and the molecular damage response
pathway is not well described.
The molecular connection between plant DNA damage response and plant immune
response has been investigated. Recent research has shown that avirulent microbial pathogens
induce DNA DSBs in infected plants, the most serious type of DNA damage which can lead to
cell-cycle arrest and cell death (Song & Bent, 2014). It is not known how pathogen-induced
DSBs in plants occur. Does the pathogen cause the DBS formation directly or does the plant
immune system activate defense response against the pathogen leading to physiological
responses that cause genomic damage? Plant defense mediators such as reactive oxygen species,
jasmonic acid and MAMP receptors produced during the plant immune response do not increase
DSB formation (Song & Bent, 2014). Salicylic acid (SA) is a signaling molecule that activates
defense responses and increases the induction of HRR, the repair pathway that recruits BRCA2
and Rad51 to the site of damage, however in the absence of SA DSBs still occur (Lucht et al.,
2002). These findings provide insight into the links between plant immune response and DNA
damage response. Similar responses have been found in animal systems, where DNA damage
regulates human inflammatory responses through the activation of tumor suppressor p53 and the
DNA damage response alerts the immune system to the presence of dangerous cells by inducing
the expression of innate immune system ligands of the NKG2D receptor (Austin C. Stark, 2008).
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DNA damage response and immune response to microbial pathogen infection in plants has been
studied extensively as separate occurrences, but how they are connected is largely unknown
RPA is a heterotrimeric protein that binds and stabilizes ssDNA and is a first responder to
DNA DSB damage in both animals and plants. RPA lies upstream of BRCA2 during HRR
(Lindsey-Boltz, Reardon, Wold, & Sancar, 2012). In plants, RPA1 subunits are highly conserved
and function in many aspects of DNA metabolism (Aklilu et al., 2014). Large subunit RPA1 has
5 paralogs A,B,C,D,and E. RPA1C and RPA1E function in DNA damage repair and are
hypersensitive to abiotic DNA damaging agents (Aklilu et al., 2014). The purpose of this study
was to determine the role of RPA1C and RPA1E in the regulation of DNA DSB repair induced
by microbial pathogenesis.
In this study we find that Arabidopsis RPA1C subunit is directly involved in DNA DSB
repair caused by the microbial plant pathogen Pst DC3000. Results of multiple (>10) infiltrations
show the hypersusceptibility of rpa1c plants to Pst DC3000 with a significant difference of
bacterial population growth between controls brca2(a), npr1 and Col-O. Statistical analysis of
bacterial population counts (CFU/ml) shows that RPA1C functions as a primary responder to
pathogen-induced DSBs with RPA1E functioning in a possible auxiliary or complimentary role.
These findings further confirm the role of RPA1C and RPA1E subunits in DNA DSB damage
repair in response to pathogen infection. DNA damage response and repair are major factors in
plant defense and understanding the role of RPA1 subunits will further elucidate downstream
pathways in microbial pathogen defense in plants.
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RPA1C and RPA1E subunits respond to pathogen-induced DNA damage
In this study we hypothesized that RPA1C and RPA1E play a critical role in initiating the
repair of DBSs induced by the plant pathogen Pst DC3000. To test this, we vacuum infiltrated
both single rpa1c , rpa1e and rpa1c/e double mutant lines with Pst DC3000 along with a wild-type
control (Col-O) and hypersusceptible (brca2(a), npr1) mutants. Current research has shown that plants
deficient in DNA DSB repair factor BRCA2 demonstrate hypersusceptibility to pathogen infection (Song
& Bent, 2014). BRCA2 is a transcriptional regulator of plant immune responses and controls intracellular
transport and function of Rad51 which interacts with RPA through formation of nucleofilaments. NPR1 is
the master regulator of SA-mediated defense responses and is independent of BRCA2 (Choi, Klosterman,
& Hadwiger, 2001). It has been determined that NPR1 is required for the formation of SAR and the loss
of NPR1 results in increased susceptibility to Pst DC3000 (Cao, Glazebrook, Clarke, Volko, & Dong,
1997). We screened Arabidopsis mutants for disease susceptibility using plants of five Arabidopsis
genotypes: wild-type ecotype Columbia-O (Col-O) (control), npr1 and brca2(a) (hypersusceptible),

rpa1c , rpa1e and rpa1c/e double mutant (experimental). For plant pathogen damage there are
three macroscopic phenotypes that can be monitored: disease severity (visible leaf damage),
pathogen growth (population levels) and the presence or absence of the hypersensitive response
(HR) (gene for gene resistance). In this study we assessed both disease severity and pathogen
growth using an optimized syringe leaf infiltration and vacuum infiltration methods respectively.
To screen Arabidopsis mutants for disease severity we performed an optimized syringe
infiltration of Pst DC3000. We screened Col-O, npr1, brca2(a), rpa1c, rpa1e and rpa1c/e using
this method. Scoring for disease severity by eye is an efficient way to determine susceptibility to
the pathogen. We rated the extent of leaf chlorosis/necrosis on a scale of 0 (no observable leaf
damage) to 3 (< 50% of confluent chlorosis and necrosis). We found all single mutant genotypes
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had scores of 2-3 on our disease severity scale, which is consistent with our vacuum infiltration
pathogen population counts. However, rpa1c/e double mutant scored the same as Col-O, unlike
experiments conducted using abiotic DNA damaging agents, but reflective of our population
colony counts from vacuum infiltrations. This suggests that when RPA1C and RPA1E are both
mutated a different repair pathway could be activated or perhaps an immune defense pathway
takes over. Another possibility is the activation of age-related defense due to the early flowering
phenotype of rpa1c/e double mutant plants. During Meiosis, RPA1C functions synergistically
with RPA1A (Aklilu et al., 2014). A possible scenario could be the recruitment of RPA1A to
activate the repair pathway via ATR when both RPA1C and RPA1E are absent. Future work
could test this theory with a rpa1a/c/e triple mutant. To test the activation of immune responses
in the absence of RPA1C and RPA1E an npr1/rpa1c/rpa1e triple mutant could be screened for
bacterial populations after infiltration of Pst DC3000.
We determined hypersusceptibility to pathogenic Pst DC3000 by comparing pathogenic
colony counts of multiple mutant genotypes infiltrated with the bacteria. Quantification of
pathogen growth after infection provides an overall estimate of defense and damage response at
the organismal level. The results of multiple infiltrations (>10) have shown the
hypersusceptibility of rpa1c and rpa1e to Pst DC3000. Our results indicate that rpa1c is
hypersusceptible to the microbial pathogen Pst DC3000 when compared to Col-O, brca2(a) and
npr1,showing a significant difference (p< 0.005) of bacterial growth in CFU/ml. These results
indicate that RPA1C subunit has a primary role in DNA damage response to pathogen-induced
DNA DSBs. This further supports previous research done in our lab which determined that
RPA1C was necessary for abiotic DSB repair (Aklilu et al., 2014).
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The single mutant rpa1e bacterial growth is significantly different (p<0.005) from rpa1c
and Col-O, however it is not significantly different from brca2(a), indicating an auxiliary role for
RPA1E subunit in microbial pathogen-induced DSBs. To further explore the role of RPA1E in
response to pathogen-induced DSBs analysis of bacterial growth in rpa1e/atr double mutant
could determine if there is a possible novel kinase activating the DNA repair pathway.

Plants mutated in both RPA1C and RPA1E (rpa1c/e) are not
hypersusceptible to Pst DC3000 pathogen infection.
The rpa1c/e double mutant shows a decrease in susceptibility over brca2(a), npr, and
Col-O. It does not show an additive hypersusceptible effect that was expected. This can be
explained in two ways. Firstly, the resistance to pathogens and the host developmental stage has
varied and complex interactions in the plant kingdom. The induction of disease resistance at
different stages of plant development depends on the plant-pathogen interaction, developmental
stage of the plant, and growth environment. Resistance to pathogen infection can be associated
with major life-cycle transitions such as growth, flowering and senescence. Mechanisms that
control these developmental transitions may also control the resistance mechanism (DeveleyRivière & Galiana, 2007). Experiments performed with varied photoperiods on several ecotypes
including Col-O showed that the transition from vegetative to floral phase is correlated with
induction to resistance to Pst DC3000 (Rusterucci et al., 2005). Another possible explanation can
be the effects of antagonistic epistasis, when fitness decreases as random mutations increase.
Age related resistance
Induction of plant disease resistance is found during different stages of plant
development and depends upon the environment, pathogen and genotypic combination of the
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plant host species. Resistance to diseases develop gradually during the plant life-cycle and are
often associated with major life-cycle transitions, such as growth, flowering and senescence.
Arabidopsis has a disease resistance response that is developmentally regulated known as age
related resistance (ARR) which can be induced during flowering or senescence transitions. ARR
induction provides the plant with enhanced resistance to some pathogens and coincides with the
transition to flowering in both short day (9 hours light) and long day (16 hours light)
photoperiods (Rusterucci et al., 2005). Previous research has shown that Arabidopsis plants
grown in short day conditions, plants with newly emerged inflorescence shoots visible
microscopically at the apical meristem, display up to 100-fold reduction in Pst DC3000 bacterial
load (Kus, Zaton, Sarkar, & Cameron, 2002; Wilson, Kempthorne, Carella, Liscombe, &
Cameron, 2017). It is possible that a single pathway exists where a developmentally regulated
receptor is activated at the transition to flowering, enabling Arabidopsis to detect microbial
pathogens, resulting in downstream defense responses (Wilson et al., 2017).
The rpa1c/e double mutant shows a decrease in hypersusceptibility over the brca2(a)
hypersusceptible control and does not show an additive effect that was expected. This can be due
to the early flowering phenotype of rpa1c/e plants grown in short-day (8-hour photoperiod)
conditions. The rpa1c/e short-day plants flower within three weeks of growth (Figure 2.4.) it is
possible to infer that A. thaliana ARR response to Pst DC3000 results in reduced bacterial
growth in leaf intracellular space.
Antagonistic epistasis
When genomes accumulate random mutations, it is generally considered that they interact
synergistically; when mean fitness decreases random mutations increase. But what happens when
multiple induced mutations have a mitigating effect? Churchill describes epistasis as any
44

relationship or non-additive interaction between two or more genes and their combined effects
on a phenotype. The analysis of epistatic relationships, where gene products act together on
pathways and networks such as signal transduction and transcriptional regulation, assigns genes
to pathways and orders the action of these genes within the pathways. These genes can act
synergistically (additive) or antagonistically (less than additive). Antagonistic epistasis, when
deleterious mutations interact, and their combined effect is smaller than expected is also known
as positive epistasis. Positive epistasis is seen in double mutations that exhibit a fitter phenotype
than expected from the effects of two single mutations (Phillips, 2007). It is known that
synergistic interactions are not as prominent in fitness as the more common compensatory
mutations which lean toward a net antagonistic epistasis effect (Wilke, Lenski, & Adami, 2003).
A recent epistatic genome-wide association (GWA) analysis, mapping loci contributing to
epistatic genetic variance, revealed that epistasis cancelled out additive gene variance
(Lachowiec, Shen, Queitsch, & Carlborg, 2015). Therefore, if we can establish a functional
independency of the two mutated genes rpa1c and rpa1e then the properties of genetic
interaction networks can be applied: the fitness of the double mutants is higher when they act in
the same pathway in an individual manner (Boucher & Jenna, 2013). It has been shown that
rpa1e displays no hypersensitivity to abiotic DNA damaging agent camptothecin, and a reduced
hypersusceptibility to Pst DC3000, leading to the conclusion that RPA1E has a possible auxiliary
role, or even a separate role in response to DNA damage induced by microbial pathogens.
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CHAPTER III
QUANTIFICATION OF PLANT PATHOGEN PSEUDOMONAS
SYRINGAE pv. TOMATO Pst DC3000 IN INFILTRATED
ARABIDOPISIS THALIANA MUTANT GENOTYPES RPA1C,RPA1E
AND DOUBLE MUTANT RPA1C/E EMPLOYING DIGITAL PCR
AND QUANTITATIVE PCR METHODS
ABSTRACT
Reliable methods to assess disease progression in plant pathogen interactions has been
traditionally employed through the plate counting method to quantify bacterial growth in the host
plant tissue. In this method the bacteria are isolated from the leaves and plated on appropriate
growth media in a dilution series to determine the colony forming units per milliliter. An
alternative approach using PCR-based methods has recently been used to quantify pathogens in
host plant tissues. Here we compare the plate counting method to RT-qPCR and Digital Drop
PCR (ddPCR) based quantification of bacteria titer in Arabidopsis plants infiltrated with Pst
DC3000.
In our hands RT-qPCR and ddPCR did not give us reliable results. Our investigation is in
subtle differences in bacterial titer that are significant and meaningful to the analysis of RPA1
subunits in DNA damage repair pathways that are too subtle to be detected using these methods.
RT-qPCR is most accurate when there is an increase greater than or equal to two-fold, and in our
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experiments, we are consistently under this threshold. We determined that for these experiments
optimization in extraction protocols for genomic DNA could improve the results.

INTRODUCTION
Plate counting method
The Arabidopsis-Pseudomonas syringae interaction is a well-studied model plantpathogen system which has been used to determine how bacterial virulence is established and
defense responses activated (Xin & He, 2013). The susceptibility to the pathogen can be
qualitatively assessed for disease symptoms visually, by the scoring of chlorosis and necrosis of
leaf tissue, providing a measure of the extent of disease symptoms but not the bacterial
population. Several studies have shown that the emergence of disease symptoms does not always
correlate with pathogen colonization of the host (Bent et al., 2006; Ross & Somssich, 2016).
Alternative quantification methods to assess pathogen growth in the host plant in a non-empirical
manner have been established. Quantitative analysis of bacterial populations is traditionally
performed using the plate counting method. Bacteria are isolated from the leaves, macerated and
plated on the appropriate media in a dilution series to determine colony forming units per
milliliter (CFU/mL) and then manually counted. This method of determining bacterial population
in the plant is considered the “gold standard” for evaluating host susceptibility. There are some
downfalls to this method, it is time consuming with numerous replicates since bacterial growth is
not homogeneous throughout the leaf tissue and the samples must be processed within the time
set in advance i.e. temporal studies over numerous days.
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Alternative quantification
The first alternative approach for measuring bacterial populations in leaf tissue was
established in 2007 using bioluminescent strains of Pst DC3000. The researchers inserted the
luxCDABE operon from Photorhabdus luminescens into the Pst DC3000 chromosome under the
control of a constitutive kanamycin promoter. This method was successful, accurately
identifying bacterial growth in infected tissues over time (Fan, Crooks, & Lamb, 2008). This
seemed like a quick and easy method to quantify bacterial populations, however each individual
bacterial strain must be transformed, which is time consuming. This assay is applicable for highthroughput assays and can be used in conjunction with traditional plate counting.
A prevalent quantification methodology used in the detection of viruses, bacteria and
parasites in plants is quantitative PCR (qPCR). This technique is used to screen the amplification
of the target sequence that is linked to a fluorescence reporter molecule, measuring the
fluorescence at each cycle as the amplification progresses. This allows for the quantification of
the DNA template to be based on the fluorescence signal during the exponential phase of the
amplification before limiting reagents and inhibitors effect the efficiency of the amplification
(Rački, et al., 2014). Detection is based on a non-specific label method using fluorescent dye
such as SYBER Green. SYBER Green is an intercalating dye which binds to the minor groove of
double-stranded DNA and emits green light as its fluorescence when bound. The amount of
fluorescence detected is directly proportional to the quantity of amplified PCR products. The
increase in the fluorescence of the reporter dye is plotted against the log of the corresponding
template in a linear relationship. This method has been successfully employed in the analysis of
Pst DC3000 population growth in Arabidopsis using various mutant strains (Ross & Somssich,
2016).
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Digital drop PCR (ddPCR) has also been used to detect plant pathogens in host tissue
(Demeke & Dobnik, 2018; Rački et al., 2014). ddPCR was first used as an application in clinical
and environmental microbiology (Kelley et al., 2013; Kim, Jeong, & Cho, 2014). The main
principle of ddPCR is the specific amplification of a nucleic acid target. The reaction mixture is
separated into thousands of millions of partitions (droplets) followed by real time PCR detection
of amplification. The absolute number of the copies is derived from the proportion of positive
partitions using a Poisson distribution: copies per droplet = -In (1-p) where p equals the fraction
of positive droplets (Hindson et al., 2011). The ddPCR reactions are prepared similarly to
quantitative PCR reactions, using TaqMan hydrolysis probes labeled with FAM reporter
fluorophores, all reagents are proprietary to BioRad. The ddPCR method has the advantage of
measuring absolute quantities by counting nucleic acid molecules present in discrete
volumetrically defined water in oil droplet partitions and eliminating the need for a standard or
reference curve. Digital PCR is considered robust, reliable and less sensitive to inhibitors than
qPCR (Ricchi et al., 2017).
Each of these methods are considered effective in detecting pathogens in host plant
material, however; in every published case, the quantity of bacteria in the host tissue exceeds
1x105 CFU/mL starting concentration of bacterial for the infiltration.

MATERIALS AND METHODS
Bacterial strain and culture
Pst DC3000 was the bacterial strain evaluated in this study. The samples were suspended
in glycerol and stored in -80° C. Pure cultures were grown from the frozen stock on NYGA
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media supplemented with rifampicin 50 µg/ml and cycloheximide 50 µg/ml. To grow bacterial
lawns individual colony forming units were selected from stock streak plates, suspended in 200
µL of 10 mM MgCl2, vortexed and plated. The plates were placed in the 28°C incubator for 24
hours.

Vacuum infiltration of Pst DC3000 into Arabidopsis mutant genotypes
Arabidopsis T-DNA insertion mutants brca2(a), npr1 , rpa1c, rpa1e and rpa1c/e and control
Col-O plants were grown in short day conditions as previously described. Plants were inverted into a

bacterial solution at 1x105 CFU/ml in 10 mM MgCl2 inoculated with 25 µl/L Silwet L-77
(Phytotechnology Laboratories, Shawnee Mission, Kansas), and vacuum infiltrated in a
desiccator to 3.0 Torr. Plants were drained for 20 minutes and samples were taken for Day 0 time
point and plated on NYGA supplemented with rifampicin and cyclohexamide. For each sample 4
leaf discs (0.95 cm2) were taken from four separate leaves (two leaves per plant infiltrated) with
a 0.3 cm punch and placed in a 1.5 ml Eppendorf tube. Day 0 samples were plated in duplicate at
1 x 10-0 and 1 x 10-1 for each genotype to confirm infiltration of the bacteria into the leaf tissue.
Day three (72-hour) samples were taken as previously described and plated in duplicate from
1x10-3 to 1x10-5 serial dilution for each genotype. The bacterial dilutions were spread evenly over
entire surface of the plate to dryness and incubated for 48 hours at 28°. Plate colonies were
manually counted using a light box and recorded.

Genomic DNA extraction of infiltrated leaf tissue and pure genomic DNA
from Pst DC3000
Genomic DNA from Arabidopsis plants 72-hours post-infiltration was isolated by
grinding 4 leaf discs (0.95 cm2) of each genotype in 500 µl extraction buffer (0.2 M Tris-HCl,
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(pH9.0), 0.4 M LiCl, 25 mM EDTA, 1% SDS). Homogenized extracts were centrifuged in an
Eppendorf microcentrifuge at full speed for five minutes at room temperature and 350 µl
supernatant was transferred to Eppendorf tubes containing 350 µl isopropanol. Tubes were
mixed by inversion and DNA precipitated for ten minutes at room temperature. Supernatant was
then discarded, the pellet air dried for twenty minutes and resuspended in 100 µl double distilled
water. The tubes were then centrifuged at 13,000 rpm for 30 seconds and the supernatant was
transferred to a new tube. A dilution was made with 40µL of the genomic DNA and 50 µL of
autoclaved double distilled water. The genomic DNA dilution was further purified use the
Qiagen DNeasy Plant Mini Kit according to protocol. Genomic DNA concentrations were
determined on a DeNovix DS-11+ spectrophotometer.
Pure genomic DNA from Pst DC3000 was extracted as follows: bacterial cells were grown
in liquid NYGA media to a density of 3 x 10 9 cells/mL and then harvested by centrifugation. The
collected cells were lysed, DNA extracted and precipitated using the phenol/chloroform method
(Cold Spring Harbor Protocols, 2006).

Primer design and specificity of bacterial housekeeping gene oprF and
A. thaliana At4g26410 RHIP1 confirmed by PCR
Pseudomonas syringae oprF and A. thaliana RHIP1 primers were selected using Primer 3.
We conducted a BLAST search of both sets primers to ensure primer specificity. The sequences
of the gene-specific primer sequences were as follows:
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A. thaliana: At4g26410,

(F):

5’- GAGCTGAAGTGGCTTCCATGAC -3’

(R):

5’- GGTCCGACATACCCATGATCC -3’

P. syringae: NC_004578.1 (F):

5’- AACTGAAAAACACCTTGGGC -3’

(R):

5’- CCTGGGTTGTTGAAGTGGTA -3’

Genomic DNA concentration was normalized to 50 ng/mL for all samples tested.
Experimental genotypes included: rpa1c, Salk_085556; rpa1e, Salk_120368; brca2(a)
Salk_075317. Controls were non-infiltrated Col-O (negative) and pure genomic Pst DC3000 DNA
(positive). DNA extracted from Pst DC3000 infiltrated plants at day 0 and 72-hours postinfiltration as previously described. PCR was performed to confirm the presence of bacterial DNA
in all samples going forward. PCR was performed on Applied Biosystems Proflex PCR system,
thermocycler parameters were set as follows:
95° C / 2'
95° C / 40''
58° C / 40''
72° C / 40''
72° C / 10'
4° C / ∞
Results were visualized on a 1.5% agarose gel (Appendix E).

Digital PCR primer design
Digital PCR was performed on control samples: non-infiltrated Col-O (negative) and pure
genomic Pst DC3000 DNA (positive) and experimental samples: rpa1c, rpa1e, rpa1c/e and
brca2(a), all confirmed by PCR to contain bacterial DNA, for absolute quantification of Pst
DC3000 present in the Arabidopsis leaves after plant infiltration. A custom Taqman gene
expression assay was ordered consisting of the Taq probe and primer set. The Taq probe consists
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of a dye label (FAM) on the 5' end a pair of unlabeled primers for the bacterial housekeeping gene
oprF, a minor groove binder (MGB) and non-fluorescent quencher (NFQ) on the 3' end.
Probe: FAM- CTGGTGCTGCTTCAAC-MGBNFQ
Forward primer: CGTCGGTATCGGCGTAAACTT
Reverse primer: CGGAGCACACTTCAGCTACTG
Four dilutions of DNA for each genotype were made to determine the optimal dilution factor,
1::10, 1:100, 1:1000 and 1:10000. After optimization the 1:10 dilution was chosen for the ddPCR
experiment. All samples were run on the BioRad QX200 Digital Droplet PCR and analyzed with
Applied Biosystems Quantstudio™ 3D Analysis Suite Software.

Real Time Quantitative PCR
Real Time Quantitative PCR (RT-qPCR) was performed on controls: non-infiltrated ColO and sterile non-infiltrated Col-O (negative) and pure genomic Pst DC3000 DNA (positive) and
experimental: rpa1c, rpa1e, rpa1c/e and brca2(a), all confirmed by PCR to contain bacterial
DNA using the following primers:
A. thaliana: At4g26410,

(F):

5’- GAGCTGAAGTGGCTTCCATGAC -3’

(R):

5’- GGTCCGACATACCCATGATCC -3’

P. syringae: NC_004578.1 (F):

5’- AACTGAAAAACACCTTGGGC -3’

(R):

5’- CCTGGGTTGTTGAAGTGGTA -3’

For P. syringae the performance of the primer pair was tested in a dilution series of
genomic DNA of both the bacterial and the plant DNA as previously described. Based on
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melting analysis and gel electrophoresis of the amplicons it was determined that the primer pairs
were specific to the gene of interest.
For qPCR analysis 30 ng/μL of DNA was mixed with 0.4 mM gene specific primers and
the IQ™ Syber® Green Supermix (BioRad, Hercules, CA) in a total volume of 25μL. The
method was performed on the Agilent/Stratagene Mx3000P PCR instrument with three technical
replicates. The absolute number of bacteria quantities through qPCR was determined using a
calibration curve generated with genomic DNA. Standard curves of all controls included 4
points: 4.0, 0.8, 0.16, 0.032. Amplification plots and standard curves were generated and
visualized using MxPro software. The thermal cycling conditions were optimized (Figure 3.1)

Figure 3.1. Thermal profile of RT-qPCR experiment.

The abundance of the bacterial qPCR products was normalized to the abundance of the plant
derived qPCR product using both the ∆∆Ct and Pfaffl methods.
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RESULTS
DNA extraction and colony counts
To investigate the role of RPA1 subunits in DNA repair of pathogen-induced DSBs, TDNA insertion lines of mutant brca2(a), rpa1c, rpa1e and rpa1c/e were infiltrated with Pst
DC3000. We first quantified bacterial load by the plate counting method and then confirmed our
colony counts by both RT-qPCR and ddPCR methods.
DNA extraction is a critical step in accurate RT-qPCR and ddPCR analysis. DNA
extraction methods can result in end-point genomic DNA that varies in levels of purity and final
yield, affecting the quality of the results. DNA extraction protocols should provide pure genomic
DNA with a low concentration of substances that inhibit PCR reactions such as polysaccharides
and phenolic compounds (Pfaffl, 2004). We performed multiple methods of DNA extraction to
determine the optimal method of extracting high quality pure genomic DNA for our experiments
evaluated with nanodrop spectrophotometer A260/280 ratio as close to 2.0 as possible for pure
genomic DNA. The first method of extraction was with Qiagen DNeasy Mini Plant Spin kit. This
kit did not yield a high enough concentration or purity of DNA for either PCR quantification
method (Appendix A). We then extracted genomic DNA using the Fast DNA Spin Kit for Soil
(MP Bio, Qiagen), this kit resulted in low DNA yields, < 10 ng/µL, and very low A260/280 values
(< 1.50). According to the troubleshooting guide for this kit the low yield could be due to
insufficient lysis, so we repeated the extraction with a harsher lysis buffer (Matrix A) and the
inclusion of metal beads during the lysis step of the protocol. There was still insufficient
genomic DNA yield and low purity using this method. We then extracted genomic DNA with
our own extraction buffer and cleaned the final product using the elution step and columns of the
Qiagen DNeasy Plant Mini Kit. We determined this method to produce the highest concentration
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of genomic DNA with the best purity. All the samples were checked for genomic integrity on a
1% agarose gel (Appendix B).
Arabidopsis plants grown in short day conditions were infiltrated as previously described.
Samples were taken at Day 0- and 72-hours post-infiltration, plated and evaluated for bacterial
counts in CFU/mL. Plate counts were consistent with previous infiltration experiments (Figure
3.2, 3.3).

A

B

Col-O Day 0

brca2a Day 0

rpa1c Day 0

rpa1e Day 0

Col-O 72 hr

rpa1c 72 hr

brca2a 72 hr

rpa1e 72 hr

Figure 3.2. Plated bacteria from infiltrated tissue in a serial dilution. Plates shown Day 0 (A) and
72-hours post-infiltration (B). Plates are diluted from left to right 10-3, 10-4, 10-5. All plates were
manually counted using a light box, the 10-4 dilution was consistently the optimal dilution over
multiple experiments.
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Figure 3.3. Comparison of Pst DC3000 bacterial counts in CFU /ml between three
infiltrations, reflecting plate counts. Error bars denote standard error of the means.

Primer confirmation
The primers designed for the RT- qPCR experiment were compared against the
bacterial genome of P. syringae and the complete A. thaliana genome. BLAST results of both
the forward and reverse primers designed for the oprF bacterial gene amplification showed query
coverage of 100% and an E value of 6.1 or greater, indicating no amplification of Arabidopsis
genes. BLAST results of both the forward and reverse primers designed for the oprF bacterial
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gene amplification against P. syringae genome showed a query coverage of 100% and an Evalue of 4e-05 indicating complete amplification of the desired gene target. Next, we checked the
A. thaliana primers against P. syringae with a query coverage of 100% and an E-value of 0.73
indicating no amplification in the P. syringae genome. Conversely, A. thaliana primers against
the A. thaliana genome with a 100% query coverage and 5e-05 indicated high amplification of
the target sequence. Both genes were found to be in protein coding regions (Figure 3.4.).

A.

B.

Figure 3.4. (A) NC_002516.2 oprF bacterial gene in protein coding region of P. syringae bacterial
genome. OprF encodes for outer membrane porin F and is a bacterial housekeeping gene. (B)
At4026410.0 RHIP1 encodes Interacting Protein 1 required for glucose related gene expression in
Arabidopsis.

RT-qPCR
To create the standard curve for the RT-qPCR experiment serial dilutions were prepared of
the standards; pure genomic Pst DC3000 DNA and non-infiltrated sterile Col-O genomic DNA, ranging
from 4ng/μL to 0.00128 ng/μL. The last two dilutions were too dilute for the standard curve, so they were
excluded on the consequent curve analysis (Figure 3.5.). Standard curve optimization was achieved with
dilutions 4.0,0.8, 0.16, and 0.032 ng/μL (Figure 3.6.).
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Figure 3.5. Amplification plot and standard curve for P. syringae oprF primers. R2 value of 1.000
and efficiency of 87.2%

Figure 3.6. Amplification plots and standard curve of P. syringae oprF primers optimized with R2 value
of 0.993 and 92.6% efficiency.
RT-qPCR was performed on genomic DNA extracted from plant tissue infiltrated on
10_18_18 and all results shown are based on this date of infiltration. The same experiment was repeated
three times with similar results. Samples were taken on Day 0- and 72-hours post-infiltration as
previously described. All colonies were manually counted and CFU/mL calculated (Figure 3.7).
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Pst DC3000
4500000
4000000

*

3500000

*
*

CFU/mL

3000000
2500000
2000000
1500000
1000000
500000
0
COL-O

BRCA2A

RPA1C

RPA1E

RPA1C/E

Genotypes

Figure 3.7. The growth of Pst DC3000, for the group used in PCR experiments, was determined by the classical
colony count quantification method. The error bars indicate standard deviations of the three independent biological
replicates. The stars indicate statistical significance of the bacterial growth in the mutants in comparison to bacterial
growth in the Col-O plants. Infiltration experiments were repeated at least three times for manual counting.
Asterisks indicated significant difference (p< 0.005) between Col-O and experimental genotypes.

The results from the RT-qPCR performed on the genomic DNA extracted from the
leaf tissue of the same infiltration date (10_18_18) did not reveal the same quantity of bacterial
load as the manual colony counts when comparing the DNA of Pst DC3000 in nanograms
(Figure 3.8).
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1.40E+01

Quantity (ng)

1.20E+01
1.00E+01
8.00E+00
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0.00E+00
Col-O

brac2a

rpa1c

rpa1e

rpa1c/e

Genotype
Quantity (ng)Pst

Quantity (ng)AT

Figure 3.8. Comparison of comparison of Pst DC3000 to Arabidopsis genomic DNA
in nanograms by RT-qPCR on infiltrated plants 10_18_18.

There are two general types of quantification methods that can be performed for RT-qPCR
data analysis. Levels of the target amplicon of interest can be measured by absolute quantification or
relative quantification. Absolute quantification relates the PCR signal to input copy number using a
calibration curve derived from diluted PCR products. Reliability of this method depends on the condition
of identical amplification efficiencies of both the target DNA and the DNA used in the calibration curve,
assuming the doubling time of the target DNA. Relative quantification determines the quantity of the
target amplicon by measuring the differences between threshold cycles (Ct) of the target amplicon and a
control. Each analyzed sample generates an individual amplification history during RT-qPCR assays.
Technical replicates can have significant differences in fluorescent curves, a result of sample to sample
variation (Figure 3.9). We have seen that differences in the shapes of the amplification curves including
critical threshold (early vs. late), steepness (good or bad efficiency) and the PCR plateau (steady or
decreasing). These changing PCR efficiencies are caused by inhibitors or enhancers. Since the efficiency
determines the accuracy of the results even small differences between target and reference genes can
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generate false ratios leading to over or underestimation of the quantification of the target amplicon.
Therefore, we used both methods of quantification to compare the results.

Plateau

Steepness

Ct

Figure 3.9. Variation in shape of fluorescent curve.

The bacterial load was quantified in all samples using the ∆∆ Ct method (PE Applied
Biosystems, Perkin, E, Forster City, CA.). The delta-delta method compares relative expression results
between experimental and control treatments. This absolute quantification is based on an internal
calibration curve. The calibrator in this experiment is the infiltrated Col-O, the targets are the mutant
samples infiltrated with Pst DC3000 and the reference control is sterile Col-O (Table 3.1).

Genotype
Col-O
brca2a
rpa1c
rpa1e
rpa1c/e

Ct P. syringae
Ct A. thaliana
∆ Ct
17.51
21.88
18.71
21.52
19.08
21.54
17.66
21.86
17.81
21.91

∆∆ Ct
4.37
2.81
2.46
4.2
4.1

1.56
1.91
0.17
0.27

Fold Change
0.339
0.266
0.888
0.829

Table 3.1. RT-qPCR data analysis using the comparative ∆∆Ct method. Col-O genotype: calibration,
reference control: sterile Col-O, target samples infiltrated with P. syringae. Calculations as follows:
∆Ct = Ct A. thaliana - Ct P. syringae; ∆∆Ct = ∆Ct sample - ∆Ct control;
Fold Change = 2-∆∆ Ct
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The fold change was also calculated using the Pfaffl method (Pfaffl, 2001). The
Pfaffl method calculates the relative expression level from the RT-qPCR efficiencies and the
crossing point of the deviation of an unknown sample versus a control. With this method a
calibration curve is not utilized and gives a more accurate quantification considering the
differences in efficiencies (Table 3.2). The ratios of both methods were compared (Figure 3.10).

Genotype
Col-O
brac2a
rpa1c
rpa1e
rpa1c/e

∆Ct Pst DC3000
∆Ct A. thaliana ∆ Ct Target
∆ Ct Control
17.51
21.88
18.71
21.52
1.2
-0.36
19.08
21.54
1.57
-0.34
17.66
21.86
0.15
-0.02
17.81
21.91
0.3
0.03

*
0.907
0.88
0.987
0.975

#
0.997
0.997
0.999
1

Ratio
0.909
0.0882
0.987
0.975

Table 3.2. Fold change calculation using the Pfaffl method. The equation shows a mathematical

model of relative expression ratio in RT-qPCR.
Ratio = Et∆Ct target (*) * ∆ Ct Target = Ct sample - Ct calibration (P. syringae)
Ec ∆Ctcontrol (#) # ∆ Ct Control = Ct sample - Ct calibration (A. thaliana)
Et = 92.2% (0.922)
Ec = 100.8% ( 1.008)

E = efficiency%
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Ratio Comparison ∆∆ Ct/Pfaffl Methods
1.2
1

Ratio

0.8
0.6
0.4
0.2
0
brca2a

rpa1c

rpa1e

rpa1c/e

Genotype
∆∆ Ct

Pfaffl

Figure 3.10. Comparison of fold change (ratio) between the absolute quantitation
(∆∆ Ct) method and relative quantitation (Pfaffl) method. Error bars denote standard
error variability of the means.

Digital drop PCR
Digital drop PCR was performed on BioRad QX200 and analyzed with Applied Biosystems Quantstudio™

3D Analysis Suite Software to quantify the amount of Pst DC3000 present in the Arabidopsis tissue after
infiltration. All samples were diluted 1:500 for the experiment. The graphical results indicate fluorescence
intensity (Figure 3.11). A comparison was then made between the CFU/mL colony counts from the same
infiltration and the ddPCR copies per microliter quantification (Figure 3.12).
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rpa1c

Non-infiltrated Col-O

Col-O

rpa1e

-/-

rpa1c/e

-/-

-/-

Pst Dc3000

Figure 3.11. Visualization of the results from ddPCR on controls and experimental genotypes.
Fluorescence is indicated by the blue bars on the graph. Non-infiltrated Col-O ; negative control, Pst
DC3000; positive control. All dilutions made at 1:500
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Figure 3.12. Comparison of CFU/mL and Copies/µL data analysis of plants from
10_18_18. These results do not confirm the results from colony counts.
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DISCUSSION

Our investigation into the role of RPA1C and RPA1E subunits during pathogen infection in
Arabidopsis was performed using the traditional plate counting method. To further quantify the bacterial
load in plants defective in these subunits RT-qPCR and ddPCR were performed. Both methods have been
well documented in quantifying bacterial titer in plant tissue with significant bacterial load. ddPCR has
been employed to quantify fungi and bacterial disease in plants and RT-qPCR has been tested for growth
quantification in P. syringae using spray inoculation and hand infiltration techniques of infection (Ross &
Somssich, 2016; Weßling & Panstruga, 2012). A comparative analysis of plate counting and RT-qPCR
for Pst DC3000 employing both methods revealed the same results quantitatively (Ross & Somssich,
2016).
The advantage of using DNA-based methods over plate counting assays is the accuracy of
quantifying the bacterial biomass in planta. The quantity of DNA is measured by a calibrated machine
and can be considered a more exact determination of the bacterial load in the plant tissue (Ross &
Somssich, 2016). In our experiments we used the same two leaves that we sampled for plating (leaf discs)
for the PCR assay to eliminate the bias of non-homogeneous bacterial load within leaf tissue. The plant
and the bacterial biomass can be determined by the RT-qPCR-based method because the plant specific
gene (At4g26410) and the bacterial specific gene (oprF) are single copy genes. Each cell has one copy of
this gene to which the primer binds during the first round of amplification, the cycle threshold (Ct),
representing one cell. The Ct value of the oprF gene is subtracted from the Ct value of the At4g26410
gene to calculate the relative abundance of bacterial cells to the amount of plant cells.
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Manual plate counting method compared to RT-qPCR quantification
The results of three biological replicates analyzed by the RT-qPCR method were all similar
and they did not reflect the same results as the manual plate counting method. We calculated the fold
change value from the ∆∆ Ct method and Pfaffl method for gene expression in experimental vs. control
(Col-O) with very similar results. The biological replicate shown here reveals a fold change of <1.0
compared to Col-O, however for RT-qPCR, upregulation of the gene target of interest requires a fold
change greater than 1. There could be several possibilities for this discrepancy. Our first approach to
troubleshooting was to examine our genomic DNA extraction methods, since the most frequent
confounder in PCR-based methods is the presence of PCR inhibitors such as phenols and salts. We
performed DNA extractions on infiltrated tissues using several kits and homemade buffers to optimize
this step. We surmised that the cleanup of the genomic DNA was affecting the quantity of bacterial DNA
being extracted. We then ran a RT-qPCR on “dirty DNA” extracted with our own buffer, not cleaned with
a purification column, and the results were the same, none of the experimental groups showed an increase
in bacterial DNA load over the Col-O control. This leads us to the conclusion that either RT-qPCR is not
resolute enough to detect a fold change lower than 2 or our genomic DNA extraction protocol is not
extracting all the bacterial DNA, or it could be chopping the bacterial DNA so small that it is not detected.
In all we found that this technique was not robust enough to be confident in the outcome. The subtle
differences in bacterial load are meaningful to the overall picture of repair pathways but perhaps they are
overcome by the harsh conditions of DNA extraction protocols and the resulting noise.

Manual plate counting method compared to ddPCR
Digital drop PCR was performed on the same genomic DNA used for the RT-qPCR to
confirm our results. In ddPCR the optimal copy number is between 200 and 2000 copies/µL. The samples
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at the 1:1000 dilution were in the desired range and used in this experiment. The results of the ddPCR
were very similar to the results we had from the RT-qPCR. The rpa1c, rpa1e and rpa1c/e all have lower
bacterial DNA load than the Col-O. These results do not reflect plate counts done on the same tissue from
10_18_18 infiltration.

Comparative analysis of alternative bacterial quantitative analysis conclusions
Methods to assess disease progression during microbial infection are important when studying
plant-pathogen interactions in vivo when determining plant resistance or susceptibility to the pathogen.
The Arabidopsis-P. syringae interaction using the P. syringae pathovar tomato strain DC3000 has been
used for multiple molecular investigations to determine how pathogens infect the host and the molecular
defense response of the host plant. Traditional phenotypic scoring of disease for symptoms or resistance
using qualitative ratings of the hypersensitive response (chlorosis/necrosis of leaf tissue) does not assess
pathogen growth and therefore does not correlate with pathogen colonization (Brouwer et al, 2003). The
plate counting method has been the traditional method used to quantify disease resistance or progression
and pathogen colonization (Ricchi et al., 2017). With optimized protocols and experienced handling this
method has proven to be reliable, giving accurate evaluation of bacterial load in the leaf tissue.
Recently alternative approaches to quantify bacterial load of Pst DC3000 in Arabidopsis have
been developed. Quantification of Pst DC3000 and other biotic pathogens in plant host tissue by
quantitative real-time PCR has been performed by numerous investigators (Brouwer et al. 2003, Ross &
Somssich, 2016, Ricchi et al., 2017, Westling & Panstruga, 2012). These studies found disadvantages to
quantifying bacterial titer using this technique. Due to the high sensitivity and small reaction volumes it is
difficult to know how much plant material should be extracted and included in the reaction mixture. One
study did not normalize the pathogen DNA concentration to a housekeeping plant gene because it has
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been shown that tissue necrosis caused by the pathogen leads to decreased transcriptional activity of the
host cells, leading to inaccurate results in quantification (Brouwer et al., 2003). All previous published
experiments using this technique for quantification used super-susceptible phenotypes, such as npr1, and
higher concentrations of Pst DC3000 in their infiltrations, as high as 1x108 CFU/mL (Brouwer et al.
2003, Ross & Somssich, 2016, Ricchi et al., 2017).
Digital PCR is a relatively new technique employed for the rapid quantification of pathogens.
This method is easy to employ, since it does not need standards for the generation of calibration curves
and gives an absolute estimate of concentration. This method is employed routinely in amplification of
DNA for Next Generation Sequencing (NGS) for accurate library quantification (personal
communication, Stephen Simpson). This technique is not routinely used for pathogen quantification but is
gaining ground in clinical cancer research (Cabal et al., 2019).
In our hands these techniques were not robust enough to be confident in the final outcomes.
We are investigating subtle differences in bacterial titer that are significant and meaningful to the analysis
of RPA1 subunits in DNA damage repair pathways but are not detected using these methods. There could
be several reasons for this, the most probable being that the harsh conditions of DNA extraction protocols
and background noise results in divergent PCR kinetics and disturbing the quantitative character of the
technology. One other assumption that could be made is that the DNA extraction protocols chop the DNA
up so small that we are losing bacterial DNA in the process. Future work to optimize the utilization of
these techniques would be to extract the bacterial DNA using methods specific to bacteria and extract the
plant DNA with plant extraction protocols to compare results.
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CHAPTER IV

ANALYSIS OF PATHOGEN-INDUCED PHOSPHORYLATION OF
HISTONE VARIANT H2AX IN MUTANT REPLICATION PROTEIN
A LARGE SUBUNIT PARALOGS RPA1C AND RPA1E
FOLLOWING BACTERIAL INFILTRATION WITH Pst DC3000 IN
ARABIDIOPSIS THALIANA.
ABSTRACT
A well-documented response to DNA DSBs is the rapid phosphorylation of the histone
variant H2AX. Phosphorylation is triggered by phosphatidylinositol 3-kinase-related kinase
(PI3KK) family members ATM and ATR, major regulators in the DSB damage response. In
plants, studies have shown that H2AX is phosphorylated rapidly upon DSB induction with foci
formation within minutes (Friesner, Liu, Culligan, & Britt, 2005). Phosphorylated H2AX (γH2AX) signals the presence of DSBs and recruits downstream protein mediators of the DNA
damage response to the site of repair (Lukas & Bartek, 2004). γ-H2AX recruits the MRN
complex to resect the ends forming ssDNA (3' OH ends). RPA binds to the ssDNA and signals
the cell that repair has been initiated (Polo & Jackson, 2011). To confirm the presence of DSBs
in our RPA1 mutant plants we confirmed the presence of γ-H2AX foci over 2, 8, and 48-hour
timepoints by western blot. Analysis of the band intensities revealed an increase in γ-H2AX
accumulation over time in Col-O, brca2(a), rpa1c, rpa1e and rpa1c/e. The increase in band
intensity in the rpa1e was less than the other experimental mutants indicating a possible role for
RPA1E in recruiting a novel kinase to the site of DSB damage to phosphorylate H2AX.
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INTRODUCTION
Formation of γ-H2AX foci at double-strand breaks
Genome stability is threatened by the occurrence of DSBs and must be repaired before
cell division or genetic material can be lost (Puchta, 2005). Cells respond to DNA DSB damage
by activating the DDR, a molecular mechanism to detect and repair DNA damage (Waterworth
et al., 2011). Plants and vertebrates share conserved mechanisms for sensing DSBs and initiating
downstream repair pathways (Zhang et al., 2015). In plant and animal genomes, Ser-139 at the
C-terminus of H2AX is phosphorylated to produce γ-H2AX, which is a known marker linked to
DNA damage and repair (Mah et al., 2010). There is a correlation between the number of γH2AX foci and the extent of DSBs as well as the rate of removal of the phosphorylated H2AX
and efficiency of DSB repair (Lobrich et al., 2010). This method of measuring DSB repair has
been successfully applied in plant genomes (Friesner et al, 2005).

Phosphorylation of histone variant H2AX
When DNA damage consists of DSBs it is always followed by the phosphorylation of
histone variant H2AX in yeast, mammals and plants (Puchta, 2005, Zhang et al., 2015, Lobrich
et al., 2010). The H2A protein family is a component of histone octamers in the nucleosome,
consisting of DNA wrapped around a core histone molecule forming the nucleosome complex.
The histone core consists of individual histone proteins H2A, H2B H3 and H4. Histone variants
diverge from the primary sequence of core non-variant histones (Kuo & Yang, 2008). There are
many histone 2A variants; H2A1, H2A2, and H2AX all playing different roles in chromatin
remodeling through post translational modifications (PTMs) and are highly conserved in all
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eukaryotes (Kuo & Yang, 2008). Histone modifications control and modulate chromatin through
gene expression patterns and transduction signals in the cell. H2A variants are unique in that they
have structured N and C terminus tails that extend beyond the core structure of the nucleosome
and are the primary site for PTMs. When DSBs are detected the C-terminus phosphorylation of
serine 139, on histone variant H2AX, is rapid and extensive in early DDR (Figure 4.1.). Rapid
phosphorylation of H2AX is referred to as γ-H2AX and occurs within 1 to 2 minutes after
damage with the number of γ-H2AX foci increasing linearly with the severity of the damage
(Corujo & Buschbeck, 2018; Lang et al., 2012). When H2AX is phosphorylated and forms foci
at break sites it recruits essential downstream repair factors BRCA1, BRCA2, Rad51, and
Rad52, indicating its role in damage recognition for efficient repair of DSBs (Revet et al., 2011).

Serine 139

Figure 4.1. Amino acid sequence of histone variant H2AX. Phosphorylation occurs 4 amino
acids upstream from the C-terminus on Serine 139.

The accumulation of γ-H2AX produces detectable foci. Assays to detect the
accumulation of γ-H2AX can be used to detect the presence of DNA double-strand break
damage as there are specific antibodies available against γ-H2AX.

Plant-pathogen infection and response
Genotoxins secreted by bacterial pathogens threaten genome stability. A recent study
using a γ-H2AX assay has shown that DSBs are induced when Arabidopsis plants are infected
with the bacterial pathogen Pst DC3000 (Song & Bent, 2014). P. syringae infects the host tissue
by injecting effector proteins into the host cells by the type III secretion system. Effector proteins
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aid in the survival of the bacteria by compromising the immune system of the host by
suppressing the pathogen-associated molecular pattern (PAMP)-triggered immunity (PTI) and
are considered virulence factors. DNA that has been compromised by pathogen infection results
in a compromised immune system and DNA DSB lesions. The mechanism pathogens use to
induce DNA DSBs is not known, but the damage is not triggered by ROS by products during
plant immune responses (Song & Bent, 2014). There could be a mechanism by which the
pathogen compromises the host DNA to boost the bacterial infection. The plant cell then starts
the repair process (HRR) and triggers transcription of R genes (resistance genes) to combat
future infections.

DNA damage repair pathway
In humans, the phosphorylation of H2AX is crucial for the recruitment of RPA to DSB
sites. RPA relocates to distinct nuclear foci and co-localizes with γ-H2AX at the sites of damage
in a time-dependent manner, as shown in previous studies using γ-irradiation to damage the cells
(Balajee & Geard, 2004). Mammalian RPA and γ-H2AX at DNA DSB sites could stabilize the
broken DNA ends from degradation and secondary structure formation during the repair process
and enhance homologous recombination preserving genome integrity (Lang et al., 2012).
The phosphorylation of H2AX is mediated by PI3K-like kinases ATM and ATR,
however, in plants, the elimination of both ATM and ATR does not affect the induction of γH2AX in response to pathogen infection in plants in response to pathogen infection (Song &
Bent, 2014). What other kinase could phosphorylate H2AX in plants when pathogen-induced
DNA DSB damage is detected? It is possible that a specialized RPA subunit, for example
RPA1C, binds to ssDNA and induces a novel mechanism of γ-H2AX in plants.
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In plants and mammals γ-H2AX foci form quickly when pathogen-induced DSBs are
detected and are used as a biomarker for DNA damage. Antibodies against γ-H2AX can be
detected using western blotting techniques and visualized by immunofluorescence through
secondary antibodies (Song & Bent, 2014). RPA1 mutants rpa1c and rpa1e have shown
hypersusceptibility to the plant pathogen Pst DC3000 as shown in Chapter II. If these mutant
genotypes display reduced or undetectable γ-H2AX levels it will indicate a role for the RPA1
member in promoting a novel kinase to phosphorylate H2AX during pathogen-induced DNA
damage.

MATERIALS AND METHODS
Plant materials and growth
All mutant and control genotypes utilized were genotyped as previously described. To
initiate germination, seeds were surface sterilized by agitating in a 10% bleach solution for five
minutes, rinsed and agitated three times with autoclaved double distilled water. Seeds were sown
on nutrient phytoagar plates containing 1x MS salts (PlantMedia, Dublin, Ohio, USA) pH 5.7,
0.05 g/L MES and 1.0% (w/v) phytoagar (PlantMedia, Dublin, Ohio, USA). Seeds were
stratified at 4°C for two days in the dark before being placed vertically in a growth chamber
under cool-white lights filtered through Mylar (Golden State Plastics, Sacramento, CA, USA) at
an intensity of 100-150 mmol/m2/sec at 22°C, 75% humidity, and a photoperiod of 16h light/8h
dark. Plants were then transferred on the seventh day to soil growing medium (SUNGRO
Horticulture, Seba Beach, Canada). Plants were planted in pots as follows: each pot was
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individually mounded to approximately one inch above the pot rim, seedlings were planted, and
the pots were covered with screening held in place with elastic bands.
For infiltration experiments plants were grown under 8 hours of light (~130
microeinsteins m-2 s-1) and 16 hours of darkness at 22°C with 75% humidity in a climatecontrolled growth chamber. Plants were watered every 3 days and supplemented with MiracleGro

15-30-15 plant fertilizer, 0.45 g/liter (Scotts Miracle-Gro products Inc., Marysville Ohio,

USA). Assays used ecotype Col-O as the wild-type background and the following mutants:
brca2(a) (Salk_075317) , rpa1c (Salk_085556), rpa1e (Salk_120368), and rpa1c/e. Plants were
grown for approximately six weeks unless otherwise indicated. Two plants for each genotype
and timepoint were used.

Non-pathogenic bacterial strain selection for rifampicin resistance
A non-pathogenic bacterial strain; Pseudomonas fluorescens (P. fluorescens) WCS417R
was acquired from Jonqui Song (Texas A&M) to use as a control. The sample was incubated in
Kings Media Broth (KMB) overnight at 28°C, centrifuged and concentrated cells resuspended in
100 µL of supernatant. 100 µL of concentrated cells were plated on NYGA supplemented with
rifampicin 50 µg/ml and cycloheximide 50 µg/ml and incubated overnight at 28°C. Rifampicin
resistant colonies were selected from the bacterial lawn and isolated on quadrant streaked NYGA
plates supplemented with rifampicin 50 µg/ml and cycloheximide 50 µg/ml. Isolated colonies
were inoculated into 10 mL KMB at room temperature for 48h. Frozen culture stock prepared in
a 2:1 ratio (500µL 80% glycerol:1.0 mL culture) and stored in -80° C.
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Vacuum infiltration for temporal γ-H2AX assay
The pathogenic Pseudomonas syringae strain used in this study, Pst DC3000, was grown
on NYGA plates supplemented with rifampicin 50 µg/ml and cycloheximide 50 µg/ml. Plants
were inverted into a bacterial solution at 1x108 CFU/mL in 10 mM MgCl2 inoculated with 25
µl/L Silwet L-77

(Phytotechnology Laboratories, Shawnee Mission, Kansas), and vacuum

infiltrated in a desiccator to 3.0 Torr. Plants were drained for 20 minutes and returned to the
growth chamber with clear covers. Samples of whole plant tissue were taken at 2, 8, 24 and 48hour time periods. Complete biomass of leaves and stems were taken as whole plants, dipped in
70% ethanol, washed in double distilled water, dried and weighed in grams. Tissue was flash
frozen in liquid nitrogen and stored in -80° C.
The doubling time of P. fluorescens is ~ 50 minutes with an OD600 = 1.0 = 1x109
CFU/mL. Bacterial cells of P. fluorescens were collected and resuspended in 10 mM MgCl2 to a
final density of 1x108 CFU/mL. Plants were vacuum infiltrated, samples taken and stored as
previously described for Pst DC3000.

Histone protein extraction
Histones were isolated from Col-O and mutant plants using sulfuric acid extraction of
nuclei followed by acid precipitation in 4° C. Approximately 2-3 grams of tissue was ground
with a mortar and pestle using liquid nitrogen. The ground tissue was then resuspended in 10 mL
of NIB buffer (15mM PIPES pH 6.8, 5mM MgCl2, 60 mM KCL, 0.25 M sucrose, 15 mM CaCl2,
0.8% Triton X100, 1 mM phenylmethylsulfonyl fluoride (PMSF), 0.7 µg/mL pepstatin A
(Thermofisher) and complete mini-Tab protease inhibitors (Roche). The slurry was filtered
through miracloth pore size 22-25 µM (Calbiochem) and the filtrate was centrifuged at 10,000 g
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for 20 minutes. The nuclei were then extracted twice with 0.4 M H2SO4 and precipitated with 12
volumes of acetone. The precipitate was collected by centrifugation and the pellet resuspended in
0.8 M urea. Protein concentrations were determined using a Qubit flourometer (Invitrogen).

Protein blot analysis
Protein samples were separated by electrophoresis in 15% SDS-PAGE gels and then
transferred to nitrocellulose membrane 0.2µm pore (Azure Biosystems) in CAPS/methanol
buffer on a semi-dry transfer system (BioRad Trans-Blot Turbo) for 25 minutes.
Immunodetection of γ-H2AX was performed using primary antibodies specific for γ-H2AX
(Goat anti-rabbit IgG 1:5,000 dilution, Sigma Aldrich, St. Louis, MO) and secondary antibody
IRDye® 800CW Goat (polyclonal) anti-rabbit IgG, 1:15,000 dilution (LiCor, Germany). Band
intensity on the immunoblots was quantified using the Odyssey® CLx imaging system with
Image Studio software Version 4.0, (LiCor, Germany).
Immunodetection of γ-H2AX was performed using the secondary antibody Goat-antiRabbit IgG peroxidase conjugated (hrp) dilution 1:5000 (Millipore, MA). Bands were visualized
using x-ray development.
Ponceau stain was used to verify protein bands on the nitrocellulose membranes (Sigma
Aldrich, St. Louis, MO). Membranes were stained for 5 minutes, washed with dd H2O to remove
background stain, visualized and washed with 1M NaOH to clear all stain.
To quantify the protein load in each western blot the nitrocellulose membranes were
stripped using 1x stripping buffer (Alfa Aesar, MA) for 60 minutes at room temperature on the
rocker. The membranes were then blocked in 5% milk TBST for 60 minutes. Immunodetection
of βeta-actin was performed using primary antibodies specific for plant βeta-actin, anti-βeta-
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actin, rabbit polyclonal IgG, 1:5000 dilution, (Agrisera, Sweden) and secondary antibody
IRDye® 800CW Goat (polyclonal) anti-rabbit IgG, 1:15,000 dilution (LiCor, Germany).
Alternatively, equivalent loading of lanes was verified using a non-specific band detected by the
antibody.

RESULTS
Experimental Design
RPA1C and RPA1E subunits play a critical role in pathogen defense, as shown by our
previous infiltration experiments. When RPA1C and RPA1E are mutated in Arabidopsis plants
Pst DC3000 bacterial load is significantly increased over wild-type plants. We then determined
the role of each subunit in γ-H2AX phosphorylation following bacterial vacuum infiltration.
Pathogen infection induces DSBs and the formation of γ-H2AX occurs without the activation of
ATR and ATM kinases (Song & Bent, 2014). This suggests that plants could have a novel
mechanism for phosphorylation of H2AX that may involve RPA1 subunits. A possible candidate
for this novel mechanism could be a specialized RPA1 subunit that binds to ssDNA of a resected
DSB and recruits or activates a novel kinase that phosphorylates H2AX.
Our experimental design was conducted to allow us 3 separate groups per infiltration to
accommodate the timepoints (Figure 4.2). Each group was infiltrated with Pst DC3000 from
separate bacterial lawns grown from individual colonies from a streak plate. They were washed
individually with 10 mM MgCl2 and diluted to 1x108 CFU/mL.
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Figure 4.2. Experimental design for temporal γ-H2AX assay. Two plants of each
genotype were infiltrated with Pst DC3000 in three separate groups. The groups
were arranged according to the timepoints assessed from 2, 8, and 48-hours.
Whole plants were taken, washed, weighed and flash frozen at the appropriate
timepoint. Samples were stored in -80° C.

Histone extraction
Plants were grown in short day conditions to increase biomass and inhibit flowering
(Pieterse et. al., 1998). Plant biomass varied from 1.50 g to 3.00 grams. We found that posthistone extraction, protein concentration did not vary significantly between higher and lower
biomass plant weights (Figure 4.3). This could be due to limiting factors of the extraction buffers
and acetone precipitation.
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Figure 4.3. Comparison of plant biomass (grams) to protein concentration (µg/µl) after
histone extraction. These results indicate no correlation of plant biomass and endpoint
protein concentration.

We performed a series of histone extractions on 2, 8, and 48-hour post-infiltration plant
tissue and ran western blots on all time points and all genotypes. For our controls, complete
experimental groups of P. fluorescens infiltrated plants and “mock” MgCl2 infiltrated plants
were taken at the appropriate timepoints, flash frozen and histone extractions were performed.
Non-infiltrated Col-O plants were flash frozen, and histones were extracted.
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Western blotting
Western blots were visualized using x-ray development (Figure 4.4).

Col-O
8 48

brac2a
8 48

rpa1c
8 48

Col-O
8 48

rpa1e
8 48

rpa1c/e
8 48
Anti-γH2AX
β-actin

Figure 4.4 Accumulation of γ-H2AX during infection. Wild-type Col-O and mutant rpa1c,
rpa1e and rpa1c/e plants were vacuum infiltrated with 1x108 CFU/mL Pst DC3000. The level of
γ-H2AX was monitored at 8 and 48-hours post-infiltration, by immunoblot using anti-γ-H2AX
antibody. Controls for equivalent loading included a band detected by anti- β-actin immunoblot.

Figure 4.5 Accumulation of γ-H2AX during infection. Wild-type Arabidopsis Col-O plants were
vacuum infiltrated with (left to right) P. fluorescens strain WCS417R or Pst DC3000at a
concentration of 1x108 CFU/mL. The level of γ-H2AX was assessed at 8 and 48-hour postinoculation by immunoblot using anti-γ-H2AX antibody. Controls for equivalent loading
included a non-specific band detected by the antibody (control).

Host DNA damage is induced in Arabidopsis in response to the plant pathogen Pst
DC3000 but not in response to non-pathogenic P. fluorescens. Prior work has shown that
inoculation of Arabidopsis roots with non-pathogenic root-colonizing P. fluorescens strain
WCS417r, a biological control strain that activates induced systemic resistance (ISR), is
independent of salicylic acid accumulation and pathogenesis-related gene activation (Pieterse et
al, 1996). This is the opposite of pathogen-induced systemic acquired resistance (SAR) which
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triggers SA accumulation and PR gene activation. Activation of induced systemic resistance
signals plants to respond to a pathogenic attack (Pieterse et.al., 1998). The initiation of ISR does
not cause DSBs, possibly due to the weak defense response that it elicits (Song & Bent, 2014). P.
fluorescens, a non-pathogenic control, does not cause DSBs in Arabidopsis plants infected with
Pst DC3000. Plants infiltrated with P. fluorescens did not display any accumulation of γ-H2AX
foci on western blots. Mock infiltrations using the bacterial dilution solution; 10 mM MgCl2, also
revealed no accumulation of γ-H2AX foci. The final control was western blotting of sterile noninfiltrated Col-O histone proteins. Non-infiltrated Col-O did not show any accumulation of γH2AX foci. The plants for the controls were grown and treated the same as bacterial infiltrated
Pst DC3000 experimental plants.

The first western blots showed no significant γ-H2AX accumulation 2-hour postinfiltration. This could be due to the time required by the bacteria to enter the apoplast of the cell
and multiply. We then eliminated the 2-hour timepoint on subsequent blots. The visualization
protocol was optimized by incorporating a LiCor IRDye® 800CW Goat (polyclonal) anti-rabbit
IgG. Visualization was performed on Odyssey® CLx imaging system with Image Studio
software. The software performs a linear interpolation to accurately quantify protein bands based
on their relative signal (Figure 4.6). Our results revealed an accumulation of γ-H2AX foci in
Col-O, brca2(a) ,rpa1c ,rpa1e and rpa1c/e. We quantified our results using a linear interpolation
of the band intensities, the strongest fluorescent band was given an intensity number and all other
bands were compared against it.
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Figure 4.6. Odyssey® CLx analysis of protein band intensity. The scanning fluorometer measures the
light emitted from the membrane using a photodiode detector resulting in an analog signal. The signal is
converted to a digital scale between 0-65,535 arbitrary fluorescence units based on pixels. To quantify the
band the total signal value is expressed as the sum of all intensities in the pixels minus the background for
antibody specificity.

DISCUSSION
In this study, we confirmed that infiltration of Pst DC3000 into leaf tissue causes DSBs
the genome of Arabidopsis and revealed the role of RPA1C and RPA1E in response to
pathogen-induced DNA damage. There is a correlation between the number of γ-H2AX foci and
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the extent of DSBs as well as the rate of removal of the phosphorylated H2AX and efficiency of
DSB repair (Lobrich, 2010). This leads to the hypothesis that γ-H2AX foci formation is related
to the foci of repair factors. We tested this hypothesis by analyzing γ-H2AX foci accumulation in
repair deficient rpa1c, rpa1e and rpa1c/e plant tissue.

RPA and phosphorylation of H2AX
The relationship between the phosphorylation of histone variant H2AX and the role of
RPA subunits following pathogen-induced DNA damage shows that when RPA1C is eliminated,
γ-H2AX foci accumulate and increase over time. The accumulation of γ-H2AX in tissue
sampled 8 and 48-hours post-infiltration was confirmed by immunoblotting against an anti-γH2AX antibody. Our results show a similar pattern to our colony counts (Chapter II), with rpa1c
mutants displaying greater than two-fold band intensity over Col-O and rpa1e when analyzed
with the Odyssey® CLx data quantification program. These findings indicate that RPA1C is a
critical factor in the detection and repair of pathogen-induced DSBs, with RPA1E possibly
recruiting a different factor to phosphorylate H2AX. Interestingly, rpa1c/e shows an increase in
accumulation of γ-H2AX foci compared to rpa1e intensities. It could be that when RPA1C and
RPA1E are both absent, factors in the immune defense pathway take over to initiate DNA repair
and cell-cycle arrest.
In mammalian cells, when abiotic DNA damage is incurred (i.e. γ-radiation, chemical
genotoxins), RPA colocalizes with γ-H2AX at the sites of DNA damage in a time dependent
manner (Balajee, 2004). The association of RPA-γ-H2AX has been correlated with the
accumulation of DNA repair factors BRCA1 and Rad51 (Paull et al., 2000). Therefore, the DNA
damage dependent recruitment of RPA to γ-H2AX foci is a critical factor in the DNA damage
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repair pathway. Future research could be done to determine if inhibition of RPA signals other
repair factors to phosphorylate γ-H2AX and initiate cell-cycle checkpoint activation and
subsequent DNA repair.

The role of RPA1C and RPA1E in damage response to pathogeninduced DNA DSBs
Our studies confirm that RPA1C is a major factor in the initiation of DDR in response to
pathogen infection. In all immunoblots large bands of γ-H2AX foci are seen at the 48-hour
timepoint in rpa1c. This correlates with results of previous experiments performed in our lab
using abiotic (CPT) DNA damaging agent to determine hypersensitivity using rpa1c and rpa1e
single mutants (Aklilu et al., 2014). In response to CPT DSB damage rpa1c mutant displayed a
high sensitivity, however the rpa1e mutant did not display significant hypersensitivity. This
suggests that RPA1C plays a leading role in the repair of DSBs and that RPA1E possibly has a
role in repair of auxiliary damage incurred by other damaging agents, such as base damage or
recruitment of DNA-end-processing complex (Aklilu et al., 2014). The role of RPA1E in
pathogen-induced DNA damage remains somewhat elusive as it shows accumulation of γH2AX similar to Col-O. It could be that RPA1E recruits a novel kinase to the site of DSBs,
which then phosphorylates H2AX and repair is initiated, or it could have an auxiliary function in
the DNA repair pathway as previously described.
In response to CPT, rpa1c/e double mutant displayed a supra-additive hypersensitivity
phenotype, supporting a model of redundancy between RPA1C and RPA1E in the absence of
either protein (Aklilu et al., 2014). Surprisingly, our studies show that the rpa1c/e double mutant
accumulation of γ-H2AX foci is about the same as Col-O and rpa1e. RPA1C plays a key role in
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the processing of meiotic DSBs. Using single mutant rpa1c in chromosomal spreads of pollenmother cells the single mutant rpa1c displays no obvious meiotic defects whereas rpa1a/c
double mutants had highly fragmented chromosomes during anaphase I and defective meiosis II
stages, suggesting that RPA1A can fulfill the role of RPA1C in its absence (Aklilu et al., 2014).
One possible scenario for repair initiation would be that RPA1A, normally involved in meiotic
recombination, associates with γ-H2AX and initiates DDR when both RPA1C and RPA1E are
absent, indicating functional redundancy between the RPA1 ACE group in pathogen-induced
DSB repair.
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SUMMARY AND CONCLUSION
Arabidopsis RPA1C and RPA1E subunits are involved in DNA repair and
recognition of pathogen-induced DNA DSBs with RPA1E playing an auxiliary
role
Infiltration experiments conducted with Pst DC3000 in Arabidopsis rpa1c, rpa1e and
rpa1c/e mutant plants confirmed that RPA1C is necessary for the recognition of pathogeninduced DNA DSBs and initiation of repair. We determined hypersusceptibility in plants lacking
the RPA1C subunit infiltrated with Pst DC3000 by comparing pathogenic colony counts
(CFU/mL) between wild-type plants and plants lacking the RPA1C and RPA1E subunits. The
results of these infiltrations revealed hypersusceptibility to Pst DC3000 when compared to Col-O
(wild-type). The single mutant rpa1e bacterial growth showed a significant difference in
CFU/mL from rpa1c and Col-O, however it did not vary significantly from our brca2(a) control,
indicating a possible auxiliary role for RPA1E in microbial pathogen-induced DSBs.
Interestingly, rpa1c/e double mutant was not hypersusceptible to Pst DC3000 in our
infiltration experiments. We found that there are differences in flowering time and plant fertility
when plants are grown in short day conditions (8-hour photoperiod). The rpa1c/e double mutant
is an early flowering phenotype in short day conditions and could have been expressing agerelated resistance to the bacteria. Another possible explanation could be resistance as a result of
antagonistic epistasis, when multiple mutations have a mitigating effect. We had numerous
problems with the growth chambers, including arbitrary shutting off the lights, electrical outages
and insufficient climate control for humidity. These problems could have contributed to the early
flowering of rpa1c/e.
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All the above findings were confirmed with our γ-H2AX assay, when RPA1C was
eliminated there was an increase in γ-H2AX foci formation, when RPA1E was eliminated the
response was the same as Col-O. When both RPA1C and RPA1E subunits are absent the results
were the same as Col-O. This finding leads to the hypothesis that RPA1A, a subunit involved in
meiosis recombination, could take over repair processes if RPA1C and RPA1E are not available.
Future experimentation to determine the role of RPA1E and RPA1A in the recognition
and repair of pathogen-induced DSBs would be to construct a triple mutant rpa1a/c/e to infiltrate
and determine if this mutant is supra-hypersusceptible to the bacteria. Then γ-H2AX assays can
be performed to confirm DNA damage, using Odyssey® CLx analysis of protein band intensity
to quantify the accumulation of γ-H2AX foci. Another possible triple mutant combination,
npr1/rpa1c/rpa1e could be used to determine the role the immune system pathway plays when
both RPA1C and RPA1E are eliminated, since NPR1 is a critical factor in the immune system
pathway.
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Appendix
A: Table of Genomic DNA Extraction Kits

Extraction Kit
Fast DNA Spin Kit for Soil (MP Bio)

Genotype

Concentration ng/µL

A260/280

A260/230

Col-O
brca2a
rpa1c
rpa1e
rpa1c/e

13.74
10.7
19.44
13.73
8.62

3.2
3.29
2.24
2.31
2.76

0.02
0.02
0.03
0.03
0.01

brca2a
rpa1c

49.98
54.79

2.49
2.6

0.16
0.16

brca2a
rpa1c
rpa1e
rpa1c/e

19.02
19.6
24.33
15.23

1.94
2.09
1.97
2.62

2.93
2.9
2.86
1.84

Col-O
brca2a
rpa1c
rpa1e
rpa1c/e

155.31
103.06
121.46
179.73
109.03

2.13
2.15
2.14
2.15
2.14

2.45
2.67
2.45
2.47
2.57

8.15
3.74

1.2
1.02

0.45
0.24

Fast DNA Spin Kit for Soil/lysis Matrix A + beads

Dneasy Plant Mini kit (Qiagen)

Our ex buffer w/DNEasy kit clean up (Qiagen)

PowerPlant Pro Kit (MP Bio)
brca2a
rpa1e

Table A:1. Kits used to extract genomic DNA of Pst DC3000 and Arabidopsis from infiltrated leaf tissue
samples for DNA extraction optimization.
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Appendix B: Genomic DNA confirmation

Figure B:1. Confirmation of genomic DNA on 1% agarose gel shows distinct band of
genomic DNA. DNA extraction performed with extraction buffer and Qiagen kit clean up
columns.
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Appendix C: Protein concentrations from histone extractions

Sample
Pst 8h

Quibit
Stock [ ]
DF to
value
µg/mL
0.8
(µg/mL) (QVx40):1000 μg/mL

Col-O
22.3
brca2a
21.9
rpa1c
21.9
rpa1e
22.1
rpa1c/e
23.5
Sample Pst 48h

0.892
0.876
0.876
0.884
0.94

Col-O
brca2a
rpa1c
rpa1e
rpa1c/e

0.812
1.04
0.764
0.84
0.728

20.3
26
19.1
21
18.2

Prot.
Vol
(150
µl)
150:DF
1.115 134.53
1.095 136.99
1.095 136.99
1.105 135.75
1.175 127.66
DF to 0.07
μg/µl
1.16 129.31
1.49 100.96
1.09 137.43
1.2
125
1.04 144.23

Urea
Vol
(150
µl)
15.47
13.01
13.01
14.25
22.34

20.69
49.04
12.57
25
5.77
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Appendix D: Primer confirmation gel
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Appendix E: Phenomic analysis of short day/long day fertility
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